
HAL Id: tel-00848107
https://theses.hal.science/tel-00848107

Submitted on 25 Jul 2013

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

CMOS Integration of field effect plasmonic modulators
Alexandros Emboras

To cite this version:
Alexandros Emboras. CMOS Integration of field effect plasmonic modulators. Other. Université de
Grenoble, 2012. English. �NNT : 2012GRENT094�. �tel-00848107�

https://theses.hal.science/tel-00848107
https://hal.archives-ouvertes.fr


THÈSE

Pour obtenir le grade de

DOCTEUR DE L’UNIVERSITÉ DE GRENOBLE
Spécialité : Micro et Nano Électronique

Arrêté ministérial :

Présentée par

Alexandros EMBORAS

Thèse dirigée par Dr. Barbara DE SALVO

et codirigée par Dr. Roch ESPIAU DE LAMAESTRE

préparée au sein Laboratoire d’ Électronique et des Technologies

de l’Information du Commissariat à l’Énergie Atomique (CEA -LETI-

MINATEC)

et de l
′

École Doctorale Électronique, Électrotechnique Automati que et

Traitement du Signal

Intégration en technologie CMOS
d’un modulateur plasmonique à ef-
fet de champ

Thèse soutenue publiquement le 10 Mai 2012,

devant le jury composé de :

Dr., Gérard GHIBAUDO

Professeur, Président

Dr., Jean-Claude WEEBER

Professeur, Rapporteur

Dr, Laurent VIVIEN

Docteur, Rapporteur

Dr, Constantinos CHRISTOFIDES

Professeur, Examinateur

Dr, Anatoly ZAYATS

Professeur, Examinateur



AknowledgmentsI would like to express my gratitude to Dr. Barbara de Salvo and Roh Espiau de laMaestre who patiently guided me throughout my PhD. Many thanks for your trust andyour enouragement, your ritial feedbak and the time spent in numerous and longmeetings. They were always enjoyable. Thank you for all !As regard to my work, I bene�t really a lot from the assistane of many peoples. Iwould like to thank Charles Leroux for helping in theoretial simulations and experimentsof MOS. Adel was one of the key person who spent his time to realize the plasmostor andI am grateful to have worked with him. I would like to gratitude also several other peopleswho involved on this work like Emmanuel Augendre for his work in the diret bonding(big step in the realization of the plasmostor), Jean-Paul Barnes for his assistane inSIMS measurements and Alain for helping and guiding me for doing simulation using theluster.I am warmly grateful to Dr. Philippe Grosse for always being so prompt on enou-raging, supporting, and helping me throughout this proess. I would like to extend myappreiation to Prof. George Pananakakis whose advises were always very helpful andplayed a leading role to my progress. He has been there for me from the very beginningof my PhD. His valuable friendship and expertise has been a great asset.Thank you to Siddarth and Clement, the best o�emates I ould ever have. Lu andSalim have very muh ontributed in making the time unforgettable with refreshing andprodutive breaks. Seriously, thank you for all your help and kindness.I would also like to express my gratitude to my family partiularly to my motherDora, my father Kikis and to my siblings Neophyta and Emilios. Thank you for all thepatiene, the love and support in every step that I made.Finally, I would like to thank from the bottom of my heart my girlfriend Danae forher real, inonvenient love, patiene, and enouragement throughout the ompletion ofthis thesis. There is no way I ould have ompleted this long journey without her support.



2



AbstratCompat and low energy onsumption integrated optial modulator is urgently re-quired for enoding information into optial signals. To that respet, the use of plasmonmodes to modulate light is of partiular interest when ompared to the numerous re-ferenes desribing silion based optial modulators. Indeed, the high �eld on�nementproperties of those modes and the inreased sensitivity to small refrative index hangesof the dieletri lose to the metal an help derease the harateristi length sales ofthe devies, towards to that of miroeletronis. This thesis investigates the realizationof Si �eld-e�et plasmoni modulator integrated with a silion-on insulator waveguide(SOI-WG) using the standard CMOS tehnology.The material aspets and also the tehnologial steps required in order to realize anintegrated plasmoni modulator ompatible with requirements of CMOS tehnology wereinvestigated. First, we demonstrate a Metal-Nitride-Oxide-Semiondutor (MNOS) stakfor appliations in eletro-optial plasmoni devies, so that a very low optial losses andreliable operation is ahieved. This objetive is met thanks to a areful hoie of mate-rials : (i) opper as a metal for supporting the plasmoni mode and (ii) stoehiometrisilion nitride as an ultrathin low optial loss di�usion barrier to the opper. Final ele-trial reliability is above 95% for a 3 nm thik Si3N4 layer, leakage urrent density below10−8 A.m−2 and optial losses as low as 0.4 dB.µm−1 for a 13 nm thik insulator bar-rier, in agreement with the losses of the fundamental plasmoni mode estimated by 3DFDTD alulations, using the optial onstant of Cu measured from ellipsometry. Afterdemonstrating the MNOS as an appropriate struture for eletro-optial CMOS plasmo-nis, we fabriate a vertial Metal-Insulator-Si-Metal (MISM) waveguide integrated withan SOI-WG, where the bak metal was fabriated by �ipping and moleular bonding ofthe original SOI wafer on a Si arrier wafer. The ative devie area varies from 0.5 to 3
µm2, 0.5 µm width and length varying from 1 to 6 µm.



An e�ient and simple way to ouple light from Si-WG to vertial MISM PWGwas experimentally realized by inserting a Metal-Insulator-Si-Insulator (MISI) ouplingsetion between the two waveguides. We demonstrate that suh ouplers operates at 1.55
µm with the highest e�ieny geometry orresponds to a ompat length of 0.5 µm withoupling loss of just 2.5 dB (50 %) per faets. This value is 3 times smaller ompared tothe ase of diret oupling (without any MISI setion).High-k dieletris are demonstrated as promising solution to redue both the MISMabsorption loss and the operation voltage. Given that interest, we experimental demons-trate an eletrial reliable high-k stak for future appliations to the MOS plasmonimodulators.A few µm long plasmoni modulator is experimentally investigated. Devies showleakage urrent below 10 fA through the opper eletrodes based MOS apaitane. Theaumulation apaitane (few fF) was found to sale with the surfae of the devie, inonsistent with the expeted equivalent oxide thikness of the MOS stak of our modula-tor. A low eletro-absorption (EA) modulation showing apaitive behaviour was experi-mentally demonstrated in agreement with simulations. Finally, low energy onsumptiondevies 6 fJ per bit was demonstrated.
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Chapitre 1
Introdution

Silion (Si) tehnology is onsidered as the ideal platform to merge photonis witheletronis owning to its promise of low ost, high yield and devie integration. In thisplatform the realization of photoni-eletronis iruits is strongly dependent of the avai-lability of Si based optial modulator that enable the interation of eletrial and optialsignal. In this hapter we will give a general introdution about the state of the art of Sitehnology and Si photonis. Then we will fous on optial modulators and in partiularplasmoni modulators based on MOS tehnology. Finally the outline of this manusriptis presented.1.1 Silion TehnologyIt is globally aepted that the Silion tehnology is the driving fore of the ontinuoustehnologial progress. The tremendous suess of this tehnology is attributed to thefat that by saling the length of the metal oxide semiondutor (MOS) transistor wean ahieve improvement of performane and redution of the prie per transistor. Thissuess was predited by the famous Moores law [1℄ whih de�nes that it is possibleto pak more and more transistors in the same area as a onsequene of saling downthe size of eah transistor. At the same time better performane an be ahieved (Fig.1.1). Sine 1960, it is seen as a trend that for every three years the Si industry has been2



produing new generation tehnology by saling down the feature size to 0.7 times itsinitial dimension. This thus results in a MOS transistor with smaller, faster and moreenergy e�ient harateristis [14℄.

Figure 1.1 � Transistor per hip for Intel entral proessing unit (CPU)Fig. 1.2 shows the evolution of the transistor, starting from the �rst Metal OxideSemiondutor Field E�et Transistor (MOSFET) with a length of 100 µm, to the presenttehnology of the 22 nm length tri-gate transistor, originally invented by Intel. Finally, itis seen that more transistors an be pakaged in a given area. For mass prodution thisan be translated into huge eonomies of sale.The imminent drawbak of saling is often referred to as the "Interonnet bottle-nek". As the dimensions of MOS a transistor are saled down, more interonnetinglines are required in order to onnet eah transistor, resulting in less spae between theinteronnets. This inreases the apaitane between the interonnet lines. Additio-nally, information transfer through interonnets results in an inrease of heat dissipationdue to resistivity. These trends are responsible for the inreased interonnet Resistive-Capaitive (RC) delay leading to lower operation bandwidth of the devie. The solutionto the problem of high resistivity is addressed through the use of opper as ompared3
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Figure 1.2 � The history of the transistor : (a) First experimental demonstration of atransistor ; (b) MOSFET with gate length of 35 nm ; () Tri-gate transistor with 22 nmgate lengthto onventional used aluminium interonnets due to the fat that the former has a lowresistivity than the latter by a fator of two. The issue of inreased apaitane is solvedthrough the use of a low dieletri onstant material (low "k").Choosing opper as the new material of the eletrial interonnets reates severalissues to the manufaturing proess. In the inexistene ething method of opper, newtehniques for deposition are implemented namely "Damasene" tehnique. This teh-nique is based on hemial-mehanial-planarization (CMP) [15℄. Furthermore, Copperis a fast di�usion material in the Silion and insulators and reates short iruits in thetransistors. Hene, several di�usion barriers for opper are proposed [16℄. The depositionand patterning of opper is therefore well mastered in a CMOS environment, and thanksto that, saling is allowed to ontinue.Using opper with very low k insulators as an interonnet struture may extendthe ontinued use of eletrial intereonnets for a while (Fig. 1.3). As Moore said "Noexponential is forever : but "Forever" an be delayed" [17℄. However, as the speed of thetravelling information beomes higher and higher, these solutions will be inappropriatebeause they will reate too muh heat. To that respet new long term solutions areneeded to overome these phenomena. 4



Figure 1.3 � Delay time for using di�erent interonnets tehnology for di�erent teh-nology nodes [1℄Optial interonnets suggested as the most promising innovative path for replaingthe eletroni data bus thereby solving the issue of "interonnet bottlenek". In thisprototype interonnet sheme, the information transmitted from one point to anotheruses photons rather than eletrons and opper wires, with expeted data transfer to bein the range of 50 gigabits per seond and also with muh less power dissipation [18℄.The breakthrough of a light-based tehnology requires a number of building bloks suhas lasers, optial waveguide, modulators and photodetetors. Si photonis has ome tofae up to this hallenge by inventing high performane optial omponents.
5



1.2 CMOS Silion PhotonisSilion photonis refers to the tehnology that reates high performane Si basedoptial omponents taking advantage of CMOS ompatible material and tehniques usedin eletroni tehnology. For example, the long-standing (more than 40 years) use ofSilion for devie fabriation in eletroni industry, enables not only sound understandingof the physis of Silion but also manufaturing tools to be well mastered. Thanks tothat, small eletrial omponents (few nanometers) whih are available today. By takingadvantage of that and also with the development of the silion-on-insulator tehnologywe are able now to transfer the knowledge and the tehnology of Si based eletronisin order to fabriate small and low ost optial omponents thus making feasible thedevelopment of silion-based photoni integrated iruits.As it is already observed in long-distane data propagation (exeeding 10 meters),eletrial "buses" are suessfully replaed by optial ones o�ering more than 100,000times higher data transfer. Therefore the limitations of eletrial interonnets are over-ome. The same trend now applies to on-hip data ommuniation with the opper wiresto be replaed with the so alled optial interonnet system. The onstrution of thissystem requires elementary optial omponents suh as lasers, modulator, optial wave-guides and photo-detetors to be integrated on a Silion wafer (Fig. 9.1). An Si basedphotoni integrated iruit [2℄ transfers optial signal from one point to another one using(a) an optial soure to produe ontinuous light, (b) a modulator to enode the opti-al data, () multiplexer to ouple di�erent wavelengths to the waveguide,(d) an optialwaveguide as the data optial 'bus' and (e) a photodetetor in order to transform theoptial signal to eletrial. Several paradigms of Si based passive devies suh as wave-guide and multiplexer are already proposed in the literature. During the last few yearsmost of the e�orts have been direted towards ative photoni devies suh as lasers,photodetetors and modulators. The ritial issues involving these elements for intra-hip appliations are power onsumption and devie footprint. Some of these devies arealready demonstrated in the literature and are brie�y reviewed below.6



Figure 1.4 � The basi optial omponents of integrated iruit [2℄As an optial soure, semiondutor diode laser is an exellent andidate beause itemits monohromati and diretional light. The priniple of operation is based on en-hanement of radiation by stimulating emission. The areful hoie of material is againritial in this ase. Using silion as the ative material for laser is not a good hoie be-ause it has an indiret band gap. This means that when the ondution band eletronsare exited, the reombination proess of eletrons will give light only if there is momen-tum (absorption or emission of phonon) and energy onservation, making it less e�ientfor radiative emission. A silion based laser operated by Raman sattering instead ofphoton emission is reported [19℄. However, it is hard to implement for pratial appli-ation as the exitation omes from another pump laser. Better materials for emittinglight are those of diret band-gap, like the III-V elements but are not CMOS ompatibleas there is a rystal lattie mismath ompared to the silion. Although, the integrationremains a non-trivial problem it an be solved by the new tehnologial ahievementssuh as wafer bonding tehnology. Given that, several types of lasers were reported suhas mirodisks [20, 21, 22℄, Fabry-Perot lasers [23, 24℄, raetrak resonators lasers [25, 26℄,Distributed feedbak lasers [27℄ and Distributed Bragg re�etor (DBR) lasers [28℄. Mi-rodisk lasers are of partiular importane for intra-hip optial interonnets, thanks totheir low-power onsumption and small footprint. As have been demostraded by J. Van7



Campenhout et al. [20℄, threshold urrents as low as 0.5 mA for small footprint (few µm)mirodisks an be ahieved.A photo-detetor is a devie that onverts inident light into an eletri urrent andis usually aomplished by using a photodiode in photovoltai mode. When a photon ofenergy higher than the band gap of the ative material is strike the diode, it is absorbedand an eletron-hole pair is generated in the juntion. The internal potential of the diodeauses the harge arriers towards the eletrodes and a photourrent is produed. Usingsilion for photodetetion in the wavelength range of teleommuniation (1.4-1.55 µm)is not a good hoise sine it is transparent in the infrared (below 1.1 µm). Thereforematerials with lower band gap suh as germanium [29, 30℄ or InGaAs [31, 32℄ grownon a Si substrate have demonstrated as more promising solutions. Both tehnologieshave approximately the same sensitivity (1 A/W) but the speed of operation of theInGaAs detetors remains relatively low (smaller than 10 GHz [31℄ ompared to that ofgermanium photo-detetors (higher than 40 GHz [33℄). The latter have also a mirometersale footprint and operate at 1.5V whih makes it ideal for intrahip appliations.Modulators are devies that transform ontinuous optial signal oming from thelaser soure to disrete piee of light. Two main mehanisms are used to ahieve lightmodulation, namely eletro-absorption and eletro-refration. The former modulate theamplitude of the transmitted power and the latter hanges the phase of the wave. Silion-based modulators have gained muh attention, with several devies reported with highperformanes (brie�y desribed to the setion 1.3). These devies rely on the free arrierplasma dispersion e�et [34℄. As the underlying physial e�et is not strong, these e�ortshave led to large strutures (ompared to that of laser and photodetetor) with highdriving powers for obtaining a signi�ant modulation depth.Modulators are the largest (regarding the size) and the most demanding in terms ofenergy among the optial omponents of the photoni intgrated iruit. To that respeta partiular attention is given to those devies. The goal of this thesis is to investigate anoptial modulator using the Si photonis platform existing in CEA LETI. The followingsetion is a brief review of di�erent kinds of optial modulators investigated so far.8



1.3 Optial ModulatorsIn the realization of hip-based hybrid eletroni-photoni networks, integrated opti-al modulators are urgently required for any optial building blok. The easiest way toperform light modulation is to swith on and o� the optial soure very fast (10GHz) bymodulating the injeting urrent (diret modulation). However, this approah involvesonstant hanges in the temperature leading to perturbation of the operation wavelength(â��hirpâ��) and, in turn, distorts the optial data. In ontrast an external modulationo�ers the advantage of high data transfer (10-40GHz) and also wavelength stabilization.In this sheme the optial soure is swith to the ontinuous mode and the external mo-dulator work suh as shutter on-o� for the ontinuous light. Therefore external optialmodulators expeted to be the key omponent to push towards higher bandwidths andlow energy onsumption of data transfer.1.3.1 Photoni modulatorsToday, ommerially available optial modulators at 10 Gbps are based on lithium nio-bate and III-V ompound semiondutors. While the former requires the use non-CMOSeletro-optial materials, the latter works on the priniple of eletro absorption. Howe-ver both materials are ontaminants within the CMOS integrated photoni-eletronisiruit. Using ative materials that are ompatible with the urrent miro-eletronisproesses, we are able to irumvent the inherent limitations of the proposed approaheslisted above. Silion itself is a CMOS ompatible material and therefore modulating lightthrough silion will be the essential solution for the future photoni tehnology. Severaldemonstrations of integrated Si based modulators have been published/patented sine2000 and are brie�y desribed below.E�ient light modulators using silion as ative material are already proposed. Usingstrain we an break the rystal symmetry of Silion, leading to a linear eletro-optie�et useful for light modulation [35℄. SiGe/Ge quantum wells is also proposed for lowpower dissipation optial modulators, taking in advantage the quantum-on�ned Stark9



e�et whih leads to strong hanges of optial absorption [36℄. Finally by bonding III-V materials to silion may enable to use their strong eletro-optial properties suh asthermo-opti plasma dispersion e�ets as well as plasma dispersion e�et.Although silion does not in normal irumstanes exhibit an eletro-opti e�et,other mehanisms are available for modulation and in partiular the plasma dispersione�et has been proven as a promising approah of ahieving high speed modulationin silion devies. In this e�et the real and imaginary parts of the refrative indexare hanged due to the onentration of free harges in silion. Soref et all [34℄ haveexperimentally demonstrated that indued real refrative index and absorption oe�ientvariation (due to the free harges) at a wavelength of 1.55 µm is given by the followingformula :
∆n = ∆ne +∆nh = −[8.8× 10−22∆Ne + 8.5× 10−18(∆Nh)

0.8] (1.1)
∆a = ∆ae +∆ah = −[8.5× 10−18∆Ne + 6× 10−18(∆Nh] (1.2)where ∆ne and ∆nh are hanges in refrative index resulting from hanges in the free-eletron (∆Ne) and free-hole arrier onentrations (∆Nh), respetively, and ∆ae and

∆ah are the hanges in absorption resulting from hanges in the free-eletron and free-hole arrier onentrations, respetively.The required hange in the free arrier onentration is ahievable through a varietyof di�erent mehanism suh as arrier injetion, depletion or aumulation. Carrier de-pletion and aumulation, unlike arrier injetion, are not limited by the relatively longarrier lifetime in silion and onsequently the faster reported devies have utilised thesemehanisms. However, the free arrier dispersion e�et in silion is insu�ient, leading tolong devies [3℄ (L is of the order of millimetres for the modulator shown in Fig. 1.5) withhigh energy demands and therefore inappropriate for intra-hip optial interonnet.Two main e�ets, namely Eletro-Absorption (EA) and Eletro-Refration (ER) areused to ahieve light modulation. EA indue absorption (by hanging the optial ab-sorption of the material) and diretly modulates the intensity of the propagating light.10



L=1.8 mm

Figure 1.5 � Optial mirosope view of the silion-based optial modulator demonstratedexperimentally using standard CMOS proessing tehniques [3℄.ER indue phase shift of the propagating waves (by hanging the refrative index of thematerial) and an be exploit for modulation in two typial geometrial on�guration,namely Mahâ��Zehnder interferometer (MZI) and ring resonator. In the ase of ringresonators [37, 38℄, the indue phase shift, hanges the resonant ondition allowing toswith between on- and o�-resonant states. Using MZI, we onvert the indued hanges ofthe relative phase of the two propagating modes, to intensity modulation. Although moreompat devies are ahievable using resonant based strutures, the MZI on�gurationremains more attrative. This is beause the resonator optial bandwidth is limited to 1nm and thus makes it ultra sensitive to external parameters suh as the temperature.The ideal Silion optial modulators will be haraterized by CMOS ompatibility,ultralow power onsumption, small devie size, high modulation speed as well as largemodulation depth and optial bandwidths. Given the fat that these requirements ontra-dit eah other, innovation is needed in order to ombine all these requirements with anoptimal trade o�. Reently, researhers proposed that by using the properties of surfaeplasmons [39℄, suh as high �eld on�nement it is possible to reate a modulator whihful�ll several of the mentioned requirements. Suh kind of modulators is reviewed to thefollowing setion.
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Table 1.1 � Performanes of optial modulators reently demonstrated expirementalyModulation Speed Footprint Modulation Energy WorkingPriniple Ahieved (µm) Voltage(V) (fJ/bit) Spetrum(Gbit/s) (nm)Intel MZ 20 /sDepletion Gbit/s 6000 6.5 28000 30pn juntionIBM-Si 10injetion Gbit/s 200 7.6 5000 -pinCornell 12.5injetion Gbit/s 33 8 300 1miroringMIT BAE 1.2GeSi Gbit/s 30 3 50 14EAKotura 12.5Ge Gbit/s 45 4 100 30EA pin1.3.2 Plasmoni modulatorsSurfae plasmons polaritons (SPP) are eletromagneti waves strongly oupled tothe free eletrons of the metal. They are propagating along the metal-dieletri interfae(diretion x) and deays exponentially as one moves away from the interfae (Fig. 1.6).The �eld penetration (D) into the dieletri an be subwavelength and it depends onthe exitation wavelength and the materials. For example in a opper/SiO2 interfae thetypial transverse deay lengths at the teleom wavelength is 20 nm inside the opper12



�

��������	A���B

Figure 1.6 � Transverse dependene of the E �eld of SPPs on a Cu/SiO2 interfae.and 1000 nm inside the SiO2. For suh interfaes, the typial propagation length is ofthe order of several hundreds µm. Combining the propagation properties of optial waveswith the high loalization of eletroni waves, plasmons an ahieve extremely large �eldon�nement. This on�nement property an be exploited to develop novel optoeletronidevies suh as sensing [40℄, light emission [41, 42℄, photodetetors [43℄ and modulators[44℄.Surfae Plasmon �eld on�nement is expeted to be very helpful in the ontext ofmodulators. The environment sensitivity of metal/dieletri interfae SPP modes is wellknown and it is already used for di�erent appliations suh as bio-sensing and opti-al ative omponents. The physial origin of this sensitivity is basially related withthe �eld on�nement of the SPP mode at the metal surfae. However, when onsi-dering strutures more sophistiated than just a metal/dieletri interfae, suh me-tal/semiondutor/metal systems, this on�nement an be inreased to a level that anbe only hardly reahed with standard index-guided modes (Fig. 1.7). Thus, the �eldon�nement properties of SP modes and the inreased sensitivity to small refrative in-dex hanges of the dieletri in ontat with the metal make these modes rather uniquefor appliations targeting high-frequeny modulation of an optial signal. Fig. 1.8 showsthe performanes of di�erent tehnologies in terms of speed and size. Based on this re-ferene, plasmonis an o�er the size of eletronis beause an highly on�ne modes13



Figure 1.7 � H �eld mode pro�les of the two waveguided SPP modes : The highly on�nemode inside the Metal-Insulator-Metal (MIM) stak(red) and the less on�ne metal/airmode(blue). Figure taken from [4℄.and also to travel data with the speed of photonis. The drawbak here is that the highon�nement is assoiated with propagation losses. Therefore by designing our devie wehave to be areful to have high modulation depth for ompat devies (resulting fromhigh on�nement) while keeping the optial losses in aeptable values.Taking in advantage of the key assets of use of metals for both eletronis (ele-trodes) and photonis purposes (eletromagneti onentration) plasmonis an fuel theprospets of sale down the dimension of optial modulators.Di�erent shemes of SPP-based modulators were proposed and reported so far. Ba-sially, one an identify three types of SPP modulators ; (i) all-optial SPP modulators(ii) thermo-optis modulators, and �nally (iii) eletro-optis modulators.Di�erent on�gurations of all-optial SPP modulator were desribed and reportedreently. First, a rather spei� on�guration using the properties of gallium was sug-gested and demonstrated by Krasavin et al. [45℄ This system relies of the phase hangeof gallium (due to its very low melting point) when illuminated by a pump signal at1064nm. The last all-optial modulator desribed in the literature exploits a two slits14



Figure 1.8 � Aording to [5℄, plasmonis o�ers the size of eletronis and the speed ofphotonis.interferometer on�guration . In this on�guration, the modulation of a SPP mode isperformed by hanging the optial properties of CdSe quantum dots. When pumped ata frequeny within their maximum absorption band (around 515 nm), the Q-dots areplaed in an exited state promoting the absorption of the probe beam (1415 nm). Thislight-indued absorption modi�es the interation between the inident probe beam andthe probe SPP leading to the modulation of the signal at the probe frequeny. Whilethese results are impressive, it is lear that all optial SPP modulators do not have apratial future beause they require materials that are not CMOS ompatible.Thermo-plasmoni modulators [46, 47℄ are already proposed based on metal wave-guide supporting SPP modes and heat dissipation within the metal to indue indexmodulation. The justi�ation for the use of metal waveguide is that the heat soure anbe loalized at the plae where it is the most e�ient. Given that, Gosiniak et al [46℄ de-monstrate thermo-optis plasmon modulators relying on Mah-Zehnder interferometersomprised of gold long-range surfae plasmon polariton (LR-SPP) waveguides. This typeof modulators exhibits strong output modulation, low power onsumption (1.4 mW), butonly moderate response time (1 ms). 15



Eletro-opti plasmoni modulator are already proposed in the bibliography as a so-lution for ahieving higher bandwidth modulation. A proposition was made by Jannsonet al. [48℄ and is based on mode oupling between light propagating in a dieletri wa-veguide to a nearby metal �lm plaed a ertain distane away : the oupling oe�ientbetween the optial mode in the waveguide and the plasmon polariton mode is madevariable through a e.g. voltage-dependant property (for example the refrative index) ofan eletro-optial material in ontat with the metal. Suh a material is often taken asLiNbO3 for example. However the eletro-optial onstants of those materials are weakand applied voltage remains high and system dimensions large. Moreover, the latter as-pet preludes the use of plasmon modes in on�guration where eletromagneti �elds arevery on�ned but lossy. The on�guration proposed by Breukelaar et al. [49℄, relying onthe eletrially indued long range plasmon polariton mode ut o�, ould not irumventthis drawbak.More reently, Liu and Xiao [50℄ suggested in a theoretial work an eletro-optialswith (modulator) relying on the use of a metal �lm supporting surfae plasmon modesembedded within a ferroeletri medium. By adjusting a bias voltage at the surfae ofthe eletro-optial material (suh as Ba0.5Sr0.5TiO3), they show numerially that for agiven propagation distane, interferene between the symmetri and the anti-symmetrisurfae plasmon modes ould be swithed from onstrutive to destrutive leading to theloalization of the SPP �eld at one or the other metal thin �lm interfae. Following avery similar strategy, this onept was extended to the ase of LR-SPP and demons-trated experimentally by Berini et al. [51℄. In this system, a very thin �lm supportinga long-range plasmon mode is embedded within two layers of lithium niobate with Z-axis orientation pointing in opposite diretions. By applying a voltage, a refrative indexontrast between the two sides of the gold �lm is reated leading to an inrease of theLR-SPP propagation losses. A muh more ompat modulator relying also on the use ofBaTiO3 was proposed and investigated by Diken et al. [52℄. This modulator is atually adouble-slits interferometer exploiting the interation between a diretly transmitted �eldand two SPP ounter-propagating along an interfae in ontat with the lithium niobate.16



However, the underlying materials are ontaminants and therefore hard to be used in theCMOS platform.Amongst the numerous patents and publiations desribing optial plasmonis modu-lators, very few have the potential to integrate in CMOS integrated photonis. In a reentartile of Melikyan et all [53℄ they demonstrate an EA modulator operates at 1.55 µm.In this devie, the absorption hange is a result of voltage-indued arriers in ITO, pro-viding thus a modulation speed whih is free from any slow arrier-related phenomena.Furthermore, Zhu et al. [54℄ they demonstrate a Si nanoplasmoni eletro-absorptionmodulator using opper as a metal eletrode. This novel devie is fabriated within aCMOS environment. They suggest that this modulator relies on aumulation of hargearriers inside a MOS, indued by an applied voltage. However, suh devie dissipatean unaeptable power due to the high leakage urrent that is observed (0.1 mA for 2
µm2 surfae). Furthermore, we speulate that the thermal e�et plays an important roleto the measured modulation depth due to the high urrent passing from the insulator.Finally, the so-alled PlasMOStor devie proposed by Dionne et al. [6℄, use Si as ativematerial in order to modulate light in a vertial Ag/SiO2/Si/Ag on�guration. In thefollowing setion we present a detailed desription of this devie, sine it is the subjetof this work.1.4 Integrated PlasMOStorPlasMOStor it is an interferometri on�guration used for performing modulation.The devie employs a four-layer of Ag-oxide-silion-Ag (Fig. 1.9) that supports both pho-toni and plasmoni modes (Fig. 1.10a). In this eletro-optial devie, the modulation isahieved by hanging the index of an n-doped Silion layer by means of harges aumu-lation in a MOS struture. Suh an index hange is at the origin of the disappearaneof a hybrid photoni mode exited at a frequeny lose to its ut-o�. The perturbationof the beating reated by the interferene of the photoni mode and a plasmoni modereates a modulation of the transmitted optial signal with a depth in the range of 317



Figure 1.9 � Cross setion (shemati) of the plasMOStor modulator [6℄to 4 dB in a devie 2.6 µm long (Fig. 1.10b). The operating voltage of plasMOStor wasestimated to be 1V whih is ompatible with the low energy onsumption demands ofintegrated photonis tehnology. It is also suggested that the bandwidth of the devie, isfundamental limited by the speed of the formation of the MOS aumulation layer (as itis in a onventional small-geometry MOS �eld-e�et transistor) and therefore gigahertzoperation is expeted. However, this struture is not ompletely ompatible with theCMOS environment beause they use ontaminants metals suh as silver. This issue anbe solved by swithing to CMOS metals suh as opper or aluminum.The outstanding devie performanes provided by the innovative modulation oneptof the plasMOStor, originates the interest to integrate this onept in a CMOS environ-ment available on LETI platform in olaboration also with CALTECH. To do that wetake advantage of the key assets of miroeletronis and Si photonis tehnology, namelymaturity and the low-loss long-range optial iruitry (developed for CMOS photonis)and the well known fabriation tehnology of the metals (developed for miroeletronis)for both eletronis (eletrodes) and photonis purposes (eletromagneti onentration).The experimental proof of suh approah would bring a new paradigm in the designof eletro-optial modulators. Fig. 9.2 show shematially the integrated plasMOStoronsisting of an Silion On Insulator (SOI) waveguide integrated with a MOS plasmon18
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Figure 1.10 � Mode pro�les, refrative indies and losses supported by the plasMOStorstak (a) ; Optial intensity as funtion of the soure-drain separation for the on stateand o�-state(a)waveguide (plasMOStor).

Figure 1.11 � SOI based integrated plasMOStor1.5 Outline of this thesisThis thesis presents experimental and theoretial work, investigating the potential ofCMOS integration of plasmoni modulator. The hapters are organized as follows :Chapter 2 desribes the experimental and numerial methods used to investigatethe physial mehanisms underlying the operation of our opper based plasmon MOS19



modulators. These methods are adapted to the spei�ations of our devie whih arethe use of a metal instead of highly doped polyrystalline silion ontat and the singlemiron-sale dimensions of our devies. Finally an automated and reliable method isdesribed for large-sale eletro-optial haraterization system.Chapter 3 investigates the material aspets and also the tehnologial steps requiredin order to realize an integrated plasMOStor [10℄ within the CMOS environment. Themain onstraints related with material aspets ome from the need for eletrial ontatswith metals with high eletrial ondutivity in order to ensure low optial losses. To thatrespet we hoose Cu as the most promising metal for the integration of plasmon devies.After that hoie, we show that the insertion of an ultrathin stoihiometri Si3N4 layer ina MOS stak ats as an e�ient di�usion barrier of Cu, while preserving the low optiallosses operation of the devie. Finally, we desribe the main tehnologial steps in order tofabriate the plasMOStor stak integrated with a mono-mode Si waveguide. Fabriationof our modulator require the use of both front-end and Cu bak-end tehnologies, whihare properly ombined only a few nanometers one from eah other thanks to the use ofa di�usion barrier layer.Chapter 4 presents the experimental realization of an e�ient light oupling shemebetween the SiWG and the integrated plasmostor on the SOI platform. Three dimensionalFDTD is also exploited in order to simulate our plasmoni oupler struture. The expe-rimental and simulation results are in agreement illustrating that the highest-e�ienygeometry orresponds to a ompat oupler of 0.5 µm length having oupling loss of only2.5 dB per oupler (experimental value).Chapter 5 disusses the eletro-optial behaviour of the integrated plasmostor. Wedemonstrate �rst that by using high dieletri onstant (high-k) materials suh as Al2O3and HfO2 we an ahieve an optimized MOS struture with low operation voltage andlow optial losses. Given that interest, we deided to experimental validate the Cu/high-kas an eletrial reliable stak for future appliations to the MOS plasmostor stak. Afterthat, we present a detailed eletro-optial investigation of the integrated plasmostor. Thetheoretial study shows that the Eletro-Absorption (EA) is the dominant e�et for light20



modulation with the aumulation onditions as the most e�ient operation mode. Thiswas followed by the eletrial as well as eletro-optial (EO) experimental investigation.Devies show aumulation apaitane of few fF and leakage urrent below 10fA. Finally,an optial modulation having a apaitive signature it was demonstrated, in agreementwith simulations.Finally, we give the �nal onlusions of this thesis and we disuss future researhdiretions for CMOS plasmoni modulators.

21



Chapitre 2
Experimental and numerialmethods

In this hapter we disuss the eletrial and optial haraterization methods whihare used to investigate the physial mehanisms underlying the operation of our opperbased plasmon MOS modulators. The use of opper for the ontat eletrodes is animportant feature of this study. From a plasmoni point of view, the low DC eletrialresistivity of opper an lead to a low propagation loss [55℄. However, without the use ofa metal-dieletri interfae layer, during annealing, opper may rapidly di�use into thedieletri layers [56℄, degrading signi�antly the devie performane.In order to eletrially haraterise the MOS stak and in partiular the opper di�u-sion e�et and the performane of an interlayer di�usion barrier, a wide range of eletri-al tehniques were employed. The understanding of the eletrial behaviour of our MOSdevies was enhaned through the use of numerial simulations obtained using eitherSILVACO, a ommerial software pakage, or an in-house pakage, 'Le simulateur' [57℄(setion 2.1).Following eletrial haraterisation, optial investigations were performed. Resultsof experimental transmission measurements were interpreted in onjuntion with 3DFinite di�erene Time Domain (FDTD) simulations and analytial methods spei�ally22



developed for this study (see 7.1), in order to understand the optial behaviour of thedevies (setion 2.2).Finally, we desribe a reliable automated large-sale eletro-optial haraterisationsystem whih was developed to test the optial transmission, urrent-voltage harate-ristis and eletrially indued modulation depth for a large number of devies. Thissystem was spei�ally adapted for the single miron-sale dimensions of our devies(setion 2.3).2.1 Eletrial haraterization methodsIn this setion, we detail the eletrial haraterization methods that were used toinvestigate the eletrial performane of di�erent dieletri layers and also to study theintegrity of a di�usion barrier designed to mitigate the penetration of opper into theunderlying dieletri layers. To that respet, Capaitane-Voltage (C-V), Condutane-Voltage (G-V) and Linear Ramp Voltage Stress (LRVS) was performed and are brie�ydesribed below.The apaitive response C-V, an give insight about keys parameters suh as theequivalent SiO2 thikness of the dieletri (EOT) and the �at band voltage Vfb. Theextration of these parameters is ruial in this thesis in order to estimate the break down�eld aross the insulator. Moreover by estimating the Vfb we an extrat informationabout the defets inside the insulator. Finally, C-V measurements an give the hargeonentration in a wide range of voltages. The extration of this quantity an be usedfor aurate eletro-optial simulations.The standard ondutane method G-V developed by Niollian et al. [7℄ was used tostudy the eletrially ative interfae states at the SiO2/Si interfae. Furthermore, whenthe ondutane and the apaitane is estimated, the resistane of our devie an bealulated. This parameter will �nally de�ne the RC delay of our devie whih is ritialparameter de�ning the speed of our modulator.Finally, the maximum break down �eld of the insulator was estimated using linear23



ramp voltage stress (LRVS). This tehnique is extensively used to investigate the qualityof the insulator. The interest of LRVS experiment is to be very fast and to provideinformation on intrinsi as well as extrinsi breakdown behavior of our devie [58℄.2.1.1 C-V and G-V measurementThe measurement of the apaitane and the ondutane is arried out by groun-ding the substrate while applying a ombination of voltages on the gate metal : a DComponent Vg that determines the voltage at whih the measurement is taken, and anAC omponent vg (40 mV) with frequeny varying from 10 to 100 kHz. Vg allows po-larizing the apaitor in di�erent MOS modes (aumulation, depletion, inversion). Theanalysis of the response of the devie to the exitation voltage vg gives us its apaitane(C = dQ
dvg

) for a bias Vg. The measurement were performed with HP4284 impedane ana-lyzer meter (Fig. 2.1). By onneting the two eletrodes (gate and substrate) the LCRmeter measure the urrent (I) �owing through a devie, the voltage (Vg) aross the de-vie, and the phase angle between the measured V and I. From these three measurements,all impedane parameters an then be alulated. Sine the impedane is alulated, thenthe apaitane is estimated from its imaginary part.
����� ���	�A����BCD

EF

Figure 2.1 � Experimental on�guration for measuring the apaitane of a MOS stru-ture.Fig. 3.4 presents a measure C(Vg) of a MOS apaitor. Two operating modes an bedistinguished, the aumulation and the depletion regime. The boundary between the two24



systems is the �at band ondition. The inversion is not visible beause the measurementfrequeny is too high to allow di�usion of minority arrier. In this �gure, we also presenta simulation of the harateristi C(Vg) extrated by the model desribed in the setion2.1.4.

Figure 2.2 � C-V harateristi of MOS apaitor onsists of Cu/Si3N4 (3nm)/SiO2(10nm)/p-doped Si (1018) at 100 kHz voltage sweep frequeny. Blue line : experimentalresults, red line : simulations (see setion 2.1.4.1). The aumulation and depletion modeare also presented.We also use the same experimental set up to measure very low apaitane, in therange of fF. Due to the fat that the target apaitane is ultra low, we made some alibra-tion before the measurement. First we measure the apaitane of a referene struturesonsisting of two open-iruit probe pads. A seond referene struture onsisting of inter-onnets but not target devie is also measured. De-embedding the parasiti apaitaneand using the open iruit onnetions we are able to measure the apaitane of thetarget devie whih is of the order of few fF. An example of suh measurement is shownin the Fig. 2.3.The interfae defet density Dit between silion substrate and gate insulator is animportant parameters that diretly in�uene the MOS devie performanes suh as the25
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Figure 2.4 � (a) An example of C-Vg and G-Vg measurement at 50 kHz and 100 kHz.(b)Extration of interfae defet density using the ondutane method developed by Niollianet al. [7℄.
Gp/ω =

ωC2
oxGm

C2
mω

2(Cox − Cm)2
(2.1)The interfae trap density Dit is then extrated from the equivalent parallel ondu-tane through the relation :

Dit ≃
2.5

q
(
Gp
ω

)max (2.2)where Cox is the oxide apaitane, Gm is the measured ondutane, Cm is the measuredapaitane and ω is the angular frequeny (ω=2πf). We note that for the extration ofEq. 2.2 we assume that a surfae potential �utuation is negleted. Fig. 2.4 shows anexample of the measured apaitane (Cm) and ondutane (Gm) at 50 KHz and 100KHz (2.4a) and also the extrated interfae defets density at di�erent energy levels (E)with respet to the the intrinsi Fermi level (Ei) for Cu/Si3N4 (3nm)/SiO2 (10nm)/SiMOS apaitor. 27



2.1.2 Non ideal C-V harateristisSeveral phenomena are responsible for the deterioration of the C-V harateristissuh as high leakage urrent, high series resistane (Rs) and the reation of an undesiredloss interfae layer between the oxide/silion or metal/silion interfae. These pheno-mena usually ause to an additional parasiti apaitane and also to an inrease of theresistane of the devie. The latter is of partiular importane for this thesis, sine willde�ne the RC time onstant of the devie and thus its operation speed. Therefore thephenomena desribed hereafter are playing a key role in the performane of our devies.The �rst is related to leakage urrent. When the insulator thikness beomes smallerthan 3 nm, the leakage urrent through the insulator beomes important (around 1A.m−2 [59℄) and may a�et the C-V harateristis espeially in aumulation andinversion region [60℄. As a result the estimation of oxide apaitane is inaurate andonsequently leads to unreliable extration of oxide thikness, defet density and breakdown �eld of the insulator. However, in our ase the oxide thikness is larger than 3 nmwhih leads to low leakage urrent. Therefore, it an be assumed that tunnelling is not asigni�ant issue in our devies.The series resistane is also identi�ed one of the reason auses deterioration of C-V[61℄. The series resistane (Rs) an ome from either the substrate or the bakside of thesemiondutor/metal interfae. For the latter it is possible to reate a Shottky ontatinstead of ohmi and to ause in a signi�ant inrease of the resistane (> 1kΩ [62℄)whih in turn a�ets the apaitane. The e�et of series resistane an be limited viathe simpli�ed three-element model [63℄ by measuring the ondutane and apaitaneat aumulation onditions using the simple two-element (parallel) model.Finally, it is well known that during fabriation proess, if the surfae leaning is notideal, it is possible to reate an undesired loss dieletri layer between the oxide/silion[64, 65℄ or metal/silion interfae. This layer may indue additional resistane and para-siti apaitane in our system. These e�ets an alter the MOS apaitane (espeiallyin aumulation regime) and also an signi�antly inrease the RC time onstant of ourdevie. Sine in some of our devies we deposit a TiN diret to silion it is possible to28



su�er from this unwanted loss layer.
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Figure 2.5 � (a) Measured apaitane at di�erent frequenies illustrating the tremendouse�et of the unwanted loss dieletri layer taken from [8℄ ; (b) The equivalent iruit modelof the real MOS apaitor inluding the e�et of lossy dieletri layer ;() The equivalentiruit model of (b) but in strong aumulation.The phenomena desribed above an be summarized in an eletrial equivalent model(Fig. 2.5b and ). Fig. 2.5b shows the eletrial model desribing a real MOS apaitorinluding the e�et of the loss dieletri layer and also the series resistane, where Cox isthe oxide apaitane, CD the depletion layer apaitane, Yit is the admittane due tothe interfae trap harge, CT and RT is the apaitane and resistane of the unwantedloss layer, respetively. By biasing the apaitor in strong aumulation, the e�et of thedepletion apaitane and admittane (2.5) are limited and therefore we an estimatethe parasiti e�et of the loss layer (see [8℄ for more details).2.1.3 Linear ramp voltage stress measurementWhen qualifying the reliability of a devie, the extrinsi break down mode due toproess indued defets is one of the most important parameter to be investigated [58℄. Inthis thesis we use the extrinsi mode of Linear Ramp Voltage Stress (LRVS) measurement(with the measurement set-up desribed in 2.1.1) as a method for investigating proess29



indued defets in the insulator whih, in our ase, are related to the opper di�usioninside the insulator.Break down reliability measurement suh as LRSV onsists in applying a linearlyinreasing voltage with typial speed of 0.5 V/s and deteting the break down at a ritialgate urrent of 100 mA/m2. The interest of LRVS experiment is to be very fast and toprovide information on intrinsi as well as extrinsi breakdown events. The usual way ofdesribing the statistial analysis of the break down parameters is the Weibull approah[66℄. This approah is widely used in CMOS foundry. Fig. 2.6 shows a Weibul sale plotof the umulative distribution funtion (F), ln(−ln(1− F )), of the break down �eld fora large number of apaitors. One an distinguish two types of statistial population assuggested by the presene of two linear regions. The region of high break down �eldswhih is assoiated with intrinsi quality of the insulator (e.g., bonding energy, lattiestrength) and the region with low �eld to break down whih is related to the extrinsibehavior suh proess indued defets.
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2.1.4 Modelling and Extration of MOS parametersIn this setion, I will desribe the eletrial simulation tools, suh as Silvao and anin-house simulator,named "Le simulateur" (developed by Ch. Leroux [67℄), that wereused for the understanding of the experimental eletrial behavior of MOS devies.With regards to the eletrial behavior, the MOS apaitor an be onsidered as atwo plate apaitors onneted in series (Fig. 2.7) : the oxide apaitane Cox and thesubstrate apaitane Csub. The oxide apaitane per unit area is given by Cox = ǫox
tox

,where ǫox and tox is the dieletri onstant and physial thikness of the oxide. Thesubstrate apaitane is given by Csub = dQsub

dψs
, where Qsub is the substrate harge at agiven voltage Vg and ψs is the surfae potential. The total measured apaitane an bewritten as [68℄ :

1

Cm
=

1

Csub
+

1

Cox
(2.3)
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Figure 2.7 � (a) Shemati piture of a MOS struture ; (b) Eletrial equivalent modelfor the apaitane.2.1.4.1 "Le simulateur"A simulation programme, "Le simulateur", is developed in LETI [67℄ to model thedistribution of harge inside the silion taking into aount quantum mehanial e�ets.In this model by giving the substrate doping (as an input parameter) we an extratboth the harge in the semiondutor (Qsub) and the substrate apaitane (Csub) as31



a funtion of the surfae potential ψs. Before starting our simulations we alulate theCsub and Qsub for di�erent doping onentration varying from 1015 to 1021m−3 (10 valuesby deades) and the results have been stored in a database. Therefore by hoosing thevalue of the doping that we are interesting we an have quikly the Csub and Qsub of thedevie being analysed without having to perform eah time the simulation. We note that,using the same programme, more aurate simulations an also onsider the in�uene ofinterfae states at high and low frequenies. Fig. 3.4 shows a simulation urve (red line)of the harateristis C(Vg) with a nie �t aordingly to the model desribed above.This allows the extration of the equivalent oxide thikness (EOT) and �at band voltageVfb. In this work, we used that method to extrat the Vfb and the Equivalent OxideThikness (EOT) of the experimental C-V.2.1.4.2 Extration of Vfb based on Maserjian funtionIn this study, the Vfb is extrated using the Maserjian funtion. This spei� funtion,usually denoted as Y, is given by the following equation :
Y =

1

C3

dC

dVg
(2.4)This funtion has the harateristi property to be independent from the Cox ofthe devie and therefore an give the most reliable values for the Vfb, espeially whenthe maximum aumulated measurable apaitane is redued (for example due to highleakage urrent through the insulator or/and high substrate resistane, Rs). Indeed, onean show that in the expression of Y, only the Csub and ψs are involved :

Y =
1

C3
sub

dCsub
dψs

(2.5)It an be demonstrated that for ψs = 0, whih is the ase that the Vg orresponds toVfb , the funtion Y is equal to Ymin /D. The parameter D depends on the majority ar-rier onentration pro�le and varies from 3 to 9 aording to the substrate harateristis(intrinsi, doped or degenerate) [69℄. 32



2.1.4.3 Extration of EOTIn this setion we show an aurate extration of EOT by taking into aount thequantum e�ets. The extration proess of EOT is summarized in the following steps : (a)Assuming a reliable extration of Vfb from Maserjian methods, it is possible to determinethe substrate harge (Qsub)versus Vg using the following equation :
Qsub(Vg) =

∫ V g

V fb

Cm(V g) dV g. (2.6)(b) Knowing the substrate harge we an use the data base of the simulator (see 2.1.4.1)to estimate the substrate apitane Csub(Vg). Finaly, the oxide apaitane an beestimated using the following equation :
1

Cox
=

1

Cmes(V g)
+

1

Csub(Qsub(Vg))
(2.7)Sine the Cox is extrated then the EOT is simply found by :

EOT =
ǫox
Cox

(2.8)where ǫox is the dieletri onstant of the oxide.2.1.4.4 SilvaoThe eletrial behavior of a MOS apaitor is modelled also by using a two dimensio-nal devie simulation pakage ATLAS from SILVACO. The purpose of using this softwareis to extrat the pro�le distribution and the density of arriers inside the Si. It is notedthat the aurate extration of these parameters is ritial beause it will �nally de�nethe strength of the eletro-optial interation whih is related with the eletro-optialperformane of the devie (i.e modulation depth).The arrier extration was performed using both the lassial and quantum approah.For the former we use the Maxwell-Boltzmann and Fermi-Dira statis. For the later, aself onsistent solution of the Shrodinger and Poisson equation was implemented. In thisthesis, we used Silvao as a tool to extrat the harge onentration pro�le as an inputfor optial simulations. 33



2.2 Optial methodsThis setion deals with the optial tools that were developed in order to enhanethe understanding of the optial behaviour of our devie. First, the optial index of thematerials used for the simulations are reported. This is followed by a short introdutionto a home made mode solver. Finally, 3D FDTD simulations proedure used in this workare desribed.2.2.1 Optial index of the materials used for the simulations
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Figure 2.8 � Dieletri funtion (ǫ = ǫ
′

+ iǫ
′′) for di�erent wavelenghts (λ) for thefabriated Cu metal measured by ellipsometry, with dieletri funtions of Al taken from[9℄ Aurate simulations will require the estimation of optial index of the materials.Espeially for plasmoni devies the aurate determination of the optial index of themetal is ritial sine it is the main parameter de�ning the total optial loss of the devie.In our devies, sine we are using Cu as a metal eletrode, we experimentally measureits optial dieletri onstant by using ellipsometry tehnique. The details of the of Cu34



fabriation are presented in hapter 3. Fig. 2.8 shows the dieletri funtions, ǫ = ǫ
′

+iǫ
′′ ,for the fabriated Cu, together with dieletri funtions of aluminum from Palik [9℄. It isnoted also that for Si, SiO2 and Si3N4, TiN (main materials used in this thesis) we usethe optial index data base of Palik [9℄.2.2.2 Mode solver for planar MOS plasmon waveguides
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Figure 2.9 � Generalized shemati of the semi-infnite metal-oxide-silion-substrate wa-veguide.Having reliable and fast tools to extrat the optial modes supported by a multi-layer struture is ruial for the understanding of the optial behavior of our devie.Furthermore, sine we are interested to alulate optial modes at the ut-o� regime, ananalytial solution will be more aurate ompared to the numerial ones. Therefore, ananalytial optial mode solver is developed and is reported below.The on�guration of the investigated struture is shown in the �gure 7.1 onsists ofopper-oxide-Si-substrate. The substrate an be either a metal or an insulator. We �rstlook for solutions to the Maxwell equations for the geometry shown in �gure 7.1. The typeof solution that we are interesting in orresponds to wave propagation along a diretionparallel to the boundary surfaes separating the di�erent materials, whih is de�ne as thex diretion. With z axis normal to these surfaes, we further assume that there is no ydependene of any of the �elds. In our analysis we assume that the propagation onstantis the same in all layers and also all the materials are non magneti and so that the35
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Figure 2.10 � Numerial zero of the determinant estimated by MATLAB.magneti permeability Î¼ has been taken equal to 1. Applying the appropriate boundaryonditions of the �elds, namely, the ontinuity of the tangential �elds, the mode equationin the form of matrix is extrated (more details are reported in Appendix A).To get non-trivial solutions, the determinant (G) needs to be zero, whih leads to themode equation. The omplex root of the determinant was estimated numerially usingmatlab software (�gure 2.10). The zero value of the determinant G orresponds to aertain value of the real and imaginary part of the e�etive index whih orresponds tothe solution of the eigenmode equation.In order to validate our method we estimate the e�etive index of the photoni modesupported by the Ag-SiO2(10 nm)-Si-Ag (plasMOStor [10℄) struture and we ompareour results (analytial alulation using MATLAB software) with that of other numerialmethods suh as FDTD, Finite Elements method (FEM from COMSOL) and RCWA. Fig.2.11 presents the results of di�erent silion thikness. By omparing the semi-analytialmethod and FDTD simulations we observe maximum disagreement smaller than 10%in the whole range of Si thikness. Furthermore omparing the results extrated by our36
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Figure 2.12 � Transmission measurement for di�erent position of the output monitoraway from the metal interfae of the plasmoni waveguide.the �eld without the bak re�etion at the simulation box boundary. The transversedistane between the PML and the devie was hosen to be 2 µm. Finally, in order tomeasure the guided output power in a dieletri loaded plasmoni waveguide we positionthe transmission monitor at 2.4 µm away from the plasmoni devie eth in order toavoid the sattered and radiated power of the devie metal interfae and onsequentlyto measure only the guided power in the Si waveguide (Fig. 2.12).2.3 Eletrial and optial haraterization methodsIn the frame of this PhD, we develop in CEA/LETI an eletro-optial haraterizationbenh of opper based MOS modulator using a 200 mm wafer proper station (Fig. 9.3).2.3.1 Coupling light from �ber to an SOI waveguideGrating ouplers are used in order to failitate oupling between free-spae radiation(propagate in the �bers) and guided modes. The �ber-grating oupling is plaed at the38



Figure 2.13 � Piture of the developed EO experimental set-up.beginning and at the end of the devie. The main advantage of using this ouplingon�guration is the possibility to exite a mode whih may have the same dimension asa single SOI waveguide. Therefore the butt-oupling between the �ber and the gratingis feasible and thus the wafer-sale testing of nanophotoni iruits is possible. In thisthesis we used this property and we developed a wafer sale platform for investigatingthe EO behavior of our ultra-small (1 µm) devies.2.3.2 Transmission measurementExperimental transmission measurements are performed and these results are om-pared to the simulations to provide in depth understanding of the optial behavior ofour devie. Transmission measurement through our devies was performed using LightEmitting Devie (LED) or LASER as an optial soure of enter wavelength of 1550 nm.The output power was oupled to the TM-polarized mode of the photoni waveguidesthrough grating ouplers using monomode �ber. The optial axis of the monomode �berwas �xed at an angle, 10◦, with respet to the surfae of the sample, optimized with res-pet to the period (950 nm), eth depth (70 nm) and duty yle (50) of the gratings. Thisgrating geometry allows to ouple the fundamental TM mode. The TE mode is rejetedby the ouplers with a ratio more than 20 dB per one grating oupler. A multimode�ber is positioned at the output grating and the optial transmission measured through39



the whole sample using an ANDO AQ2140 optial multimeter. Using multimode �bersensures better olletion e�ieny of power from the devie.

Figure 2.14 � Experimental set up for measuring the transmission of the devie.A KARL SUSS automati wafer probe station was used to measure the samples onthe wafer. The data was normalized with the optial transmission of a referene 220 nm
× 500 nm silion waveguide (SiWG) plaed lose to every group of 34 PWG samples. Theoutput transmission is maximizing by performing automati alignment at the referenewaveguide. When the automati alignment is ompleted we move automati to the seond,third, until the last devie. After that we move again to a referene waveguide of othergroup of devies, starting �rst with the automati alignment. This optimization tehniqueis fast (more than 700 devies in 12 hours), and therefore is ideal for investigating devieswhih are fabriated by ultra large sale CMOS foundries. It is worth noting that theoverall measured transmission through the investigated devies was very low, varyingfrom 50 nW for the larger devies (7.4 µm length) to 1 µW for the shortest devies (1
µm length).2.3.3 Eletro-optial haraterization2.3.3.1 Low frequeny measurementsA methodology for automated and reliable extration of the low frequeny modu-lation depth (1 kHz), optial transmission and leakage urrent under applied bias wasimplemented for wafer level testing. 40



The experimental setup is depited in Fig. 2.15. A tunable laser and a light emittingdevie (LED) are both used to ouple ontinuous wave (CW) optial signal inside the op-tial modulator. The optial soures are all interfaed with monomode �bers. The outputpower is olleted with multimode �bers and transformed to eletrial power through alow speed photodiode (below 10 kHz). Pre �ber alignment was used on a referene wa-veguides to maximize optial transmission. Finally the output signal is then measuredusing either a power meter when optial transmission measurement is performed or alok in ampli�er when the modulation depth is estimated.

Figure 2.15 � Experimental set up used for the wafer sale EO measurements at lowfrequeny (below 10 kHz)A wave funtion signal generator is used to generate the modulating eletrial signal.Its output is de�ne by an a signal Vm(f) added with a onstant d value Vdc, suh thatthe signal at the eletrial input of the MOS plasmoni modulator is V(f) = Vm(f) +Vdc. The magnitude and frequeny of the a voltage are �xed for eah measurement ; themagnitude of the d voltage is swept in time. The purpose of the d voltage bias is to allowsampling at di�erent modes of operation of the MOS apaitor, namely aumulation,depletion and inversion. The a voltage bias provides the modulated signal. Thereforethe modulated intensity is extrated at di�erent operation regions of the apaitor. Themodulated signal is then measured by a lok in ampli�er SR840 for frequenies up to41



200 MHz. At that point, note that the use of a lok-in ampli�er than a Teleom NetworkAnalyser (TNA) was preferred in our ase due to the following reasons : (a) The doptial sensitivity of the internal photodetetor of the TNA is -35 dBm (10−6W) whihis smaller than the d output optial power of our devie (see setion 2.3.2) and (b) theTNA starts to measure the modulation for frequenies larger than 70 MHz muh higherthan the speed of our devie.It is worth noting that before of E.O testing, the d leakage urrent for eah deviewas measured through the soure-meter, in order to make a fast sanning of the devies.Based on this measurements we exlude devies with leakage urrent larger than 10−9A.µm−2 or equivalent 100 mA.m−2 (Fig. 2.16(b)). This urrent density represent alsothe breakdown riterion used in setion 2.1.3
��� ���

Figure 2.16 � (a) A non leaky devie of 1 µm2 surfae is measured with its modula-tion depth and transmission ; (b) A leaky devie of 5 µm2 surfae is measured with itsmodulation depth and transmission. This devie will exluded from the analysis of thedata.The modulated signal of the devie (measured by lok-in ampli�er in volts) wastranslated to modulation depth with the help of the internal modulator of the lasersoure whih ats as referene. By swithing the laser in modulated mode we perform100% light modulation. The latter was transformed to voltage modulation through a42



photodiode and �nally measured by the lok in ampli�er. By doing that we know themodulation intensity (measured by lok in ampli�er) orresponds to 100% modulation forthe referene struture (MIref). Therefore the modulation intensity of the devie (MIdev)an be alibrated to that of the referene and �nally to extrat its modulation depth(MDdev) through the following relation :
MDdev =

MIdev
MIref

(2.9)2.3.3.2 High frequeny measurementsThe experimental set-up drawn in the Fig. 9.4 was used for measuring the dynamiresponse of our devie in the frequeny range from 50 kHz to 200 MHz (thanks to theuse of lok in ampli�er whih operates up to 200 MHz in a frequeny). A tunable laser isused to generate the CW optial signal. The light propagates via monomode �bers andouple to the on-hip devie through optial gratings. The output power is olleted withmultimode �bers and transformed to eletrial power through a high speed photodiode.Finally the output signal is measured using a lok in ampli�er (SR 844) whih is able tooperates in a frequeny range from 25 kHz to 200 MHz. A wave funtion signal generator(the same as for low frequeny measurement), was used to generate the modulatingeletrial signal. This eletrial signal is then propagated along the 50 Ω oax until itreahes the 50 Ω probe. The latter is �nally ontat the devie. We use The reason ofusing the 50 Ω oax and 50 Ω probe is to avoid any impedane mismath (whih meansadditional eletrial loss) between the wavefuntion generator and the devie.
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Figure 2.17 � Experimental set up used for measuring the bandwidth of the devie (upto 200 MHz)
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Chapitre 3
CMOS Integration of MOSPlasmoni Modulator

As disussed in the introdution, the aim of this thesis is to integrate the plasMOStor[10℄ design within the CMOS environment. However, this design does not ful�l the re-quirements of CMOS ompatibility beause they use silver as a metal eletrode, whih isontaminant within the CMOS environment, and also no onsiderations have been doneregarding the interfaial layer between the metal and the insulator or semiondutor.Therefore, the risk of using suh design (see Fig. 3.1) within the CMOS foundries, is tofabriate devies with detrimental e�ets on the fabriation yield, a high leakage urrentthrough the MOS insulating barrier and eletrostati breakdown during operation [71℄.In this hapter we investigate the material aspets and also the tehnologial steps requi-red in order to realize an integrated plasMOStor ompatible with requirements of CMOStehnology. In partiular we investigate both the hoie of metal and the interfaial layerin terms of CMOS ompatibility, low optial loss and high eletrial reliable devies.Finally, in order to realize the vertial design of plasmostor with metallization on bothsides of the devie, we implement the diret bonding tehnique.
45



�� ��������	 ��Figure 3.1 � Plasmostor design [10℄ with silver as a metal eletrode and without anyonsideration about interfaial layer between the metal and insulator or semiondutor.3.1 Choie of materialsThe main onstraints related with material aspets omes from the need for eletrialontats and interfaial layers in order to ensure high eletrial reliability devies withlow plasmoni losses. These properties were investigated in a plasmoni MOS waveguide,in the perspetive of the integrated fabriation within a CMOS foundry. A areful hoieof materials for the plasmoni metal and the interfaial layers was done and will bedisussed in this hapter.As regards to the metal hoie we deide to use Cu as a metal eletrode and thereasons of this hoie are analysed in setion 3.1.1. Eletrial reliability issue raised bythis metal hoie is solved thanks to the insertion of an ultrathin nitride di�usion barrierlayer between the gate metal and the oxide (setion 3.1.2). Experimental investigationof this MNOS (Metal-Nitride-Oxide-Silion) stak is performed by monitoring eletrialbreakdown under voltage stress of apaitanes, and optial transmission experimentsthrough a CMOS integrated MNOS Plasmoni Waveguide.3.1.1 Choie of Cu for CMOS plasmonisPlasmoni losses are highly dependent on the eletri �eld penetration in the metal,therefore the nature and rystalline quality of the latter are ritial tehnologial issues.46



For this reason, several proposed ative and passive plasmoni devies [10, 72, 73, 74℄ usemetals suh as Ag and Au. However, these materials are not a good hoie for a fabriationon a silion CMOS platform, as they are well known ontaminants of MOS devies.Conversely, metals suh as Al and Cu are widely used in CMOS foundries, but have beenmuh less studied for plasmon devies [54, 55℄. Fig. 3.2 shows the propagation losses of aplasmon propagating at a metal-air interfae, as a funtion of free spae wavelength, forboth Al and Cu. It was alulated by using the formula αSP = 1
4.3×LSP

= 2π
4.3×λ0

√
ǫ

1+ǫ ,where αSP is the propagation loss (in dB/µm), LSP the propagation length of the plasmonmode, ǫ the dieletri onstant of the metal, and λ0 the free spae wavelength. For thealulation, we used the dieletri onstant of opper whih we measured by ellipsometry[55℄, or the dieletri onstant of aluminium given by Palik [9℄. It has reently beendemonstrated [55℄ that the optial losses of plasmon propagating at the surfae of Culayers prepared in CMOS foundries was low and in agreement with the ellispometryresults. From this simple omparison, we onlude that opper is the best hoie forplasmoni devies in terms of optial losses. It is also tehnologially relevant, as Alhas been progressively replaed by Cu in nowadays eletrial interonnets [75℄. Cu istherefore the most promising metal for the integration of plasmon devies in a CMOSenvironment, and will be onsidered below as a metallization of the MOS waveguide.However, hoosing Cu as a metal eletrode we have to be areful about the hoie ofthe interfaial layer between the opper and insulator or semiondutor. In the followingsetion, we demonstrate the use of thin Si3N4 as an e�ient and low optial loss di�usionbarrier of opper.3.1.2 Choie of di�usion barrierThe most widespread Cu di�usion barrier used for eletrial interonnets are ur-rently hosen between the following materials : Ti, TiN, Ta, TaN, W, Pd [76, 56, 77℄.As being ondutive and low thikness di�usion barriers, they an full�ll the needs ofeletronis appliations. However they are optially very lossy, so that they are not suitedfor CMOS plasmonis devies (Table 3.1) : we alulate that the plasmoni mode losses47
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Figure 3.2 � Plasmon propagation losses indued by Cu and Al along a metal/dieletriinterfae for di�erent wavelengths.inrease up to 15 times ompared to the barrierless ase. Ta having a better performanesthan the others, the plasmoni mode losses are inreased by a fator of only 5, but itsbarrier e�et is lower than for the other, eg requiring more thikness than onsidered inTable 3.1 to reah the same level of reliability.Table 3.1 � Plasmoni MOS mode losses for di�erent di�usion barriers at a wavelengthof 1.55 µm. The operation voltage for onstant eletrial performane is also presented.Di�usion Barriers without Ta TaN Ti TiN Si3N4 Si3N4barrier (25 nm) (3 nm)Plasmoni losses (dB/µm) 0.29 1 3.3 3 3.61 0.2 0.31Operation voltage (V) 3.5 4 4 4 4 33 4The eletrial interonnet literature also onsidered alternative insulating materials,inluding silion nitrides, as a di�usion barrier. For example, T.C. Wang et al [78℄ investi-48



gated 50 nm thik SiN, SiCN, SiCO layers deposited by PECVD as a Cu di�usion barrier.Both SiCN and SiCO demonstrated a poor adhesion on opper, leading to integrationproblems. On the ontrary, SiN showed a good di�usion-barrier performane as well asgood adhesion with opper. However, only non stoehiometri nitride are onsidered inthe previous works (see also [79, 80℄), beause of limited thermal budget used for bakend proesses. Our motivation is di�erent, as we need the thinnest possible dieletridi�usion barrier in a front end MOS devie, for whih the operating voltage and theenergy onsumption sale with the thikness of the insulating barrier. For example, aMIS eletro-optial devie [81℄ is a apaitane-operated devie, where its performanedepends on the harge density of the aumulated layer :
∆Ne =

Cox
t

[Vg − Vfb] (3.1)where Cox is the oxide apaitane, Vg is the applied voltage, Vfb is the �at band voltageand t the e�etive harge layer thikness. For a given level of performane (density ofaumulated harges and so magnitude of modulation depth for a modulator) a thinneroxide thikness is needed in order to ahieve low operation voltage and hene lower energyonsumption. In Table 3.1, we see that despite lower optial losses an be reahed, typialoperating voltage of the MNOS stak using 25 nm SiN is muh higher than in the barrierless ase. To improve that �gure, we propose to use thin stoihiometri Si3N4, whih isavailable in front end CMOS proesses. Note that Si3N4 should not be used alone as agate dieletri as its interfae with Si remains worse than the Si/SiO2 interfae in termsof density of interfae traps [82℄.We are therefore promoting an hybrid Metal Nitride-Oxide-Silion (MNOS) stak forative CMOS plasmonis. That stak with highly doped silion as a metal has alreadybeen extensively studied in miroeletronis for highly reliable and aggressively saledtransistors [83℄. However, reliability of suh stak was never investigated when Cu is thegate metal, as required for CMOS plasmonis devies. We experimentally demonstratebelow that an ultrathin (3 nm) stoihiometri Si3N4 an ful�ll the above requirementsfor di�usion barrier in MOS based optoeletronis devies using plasmons and provide49



high reliability performanes.3.2 Improved eletrial reliability of Cu based MNOS stakEletrial investigation is the most sensitive tehnique to identify the e�et of opperdi�usion to the insulator or semiondutor [16℄. Hene the detailed eletrial investigationof a Cu gate MOS apaitor is presented below. In order to validate the use of very thinSi3N4 as a di�usion barrier for opper, we fabriated opper gate MNOS and MOSapaitors on 200 mm silion wafers on the Leti fabriation line. The silion wafersare p-doped with 4x1018 boron m−3 (Fig. 3.3(a)). A damasene patterning tehnique[84℄ was used in order to fabriate the metal gate eletrode of the apaitors. An 800nm thik thermal oxide is �rst deposited on the silion wafers (Fig. 3.3(b)). A avityis subsequently drilled into the oxide layer by a lithography step followed by dry andwet ething steps (Fig. 3.3()). Wet ething allows leaning of the Si interfae before thefabriation of the gate dieletri stak. After ething, a 10nm thermal oxide (t-SiO2) layeris formed by thermal annealing (Fig. 3.3(d)). Exept for referene purposes, wafers werethen submitted to a deposition via LPCVD of a stoihiometri silion nitride Si3N4 layeron top of the oxide (Fig. 3.3(e)). A opper layer is then deposited by a ombination ofthe PVD and Eletro Chemial Deposition (ECD) and polished by Chemial MehanialPolishing (CMP) [15℄. Finally, an Al ontat is fabriated on top of opper eletrode,followed by thermal stress at 400 ◦C (Fig. 3.3(f)) to simulate the typial thermal budgetof a bakend proess.C-V measurement were automatially onduted using the experimental set-up de-tailed in hapter 2. The Fig. 3.4 shows a typial example of C-V harateristis of a MOSand a MNOS stak. Both the aumulation and the depletion regimes an be distingui-shed. The inversion regime is not observed at positive voltages beause the voltage sweepfrequeny is too high to allow the di�usion of minority arriers. These C-V experimentalurves were niely �tted aordingly to the model desribed in setion 2. This allowsthe extration of the equivalent oxide thikness (EOT) and �at band voltage Vfb (Table50
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Figure 3.3 � Fabriation proess of MOS apaitors using standard CMOS tehnology.3.2). Note that the inversion regime is observed in the simulation due to the equilibriumassumption. The EOT for both gate staks are fully in agreement with the dieletrionstant of the insulators used [85℄, thanks to the quantum orretions of the C-V mo-del. No hysteresis of the C-V urve is observed, indiating that no slow trapping of hargeours in the silion nitride and/or in the oxide barrier. However a negative voltage shiftof the �at band voltage is observed after the introdution of the nitride in the stak, thatis ommonly attributed to the inreased negative �xed harge ontained in the silionnitride layer [86℄.Table 3.2 � EOT and Vfb of given MOS stak layer, extrated by �tting to C-V mea-surements. Values are averaged out of 10 di�erent devies, for eah gate stak.MOS desription EOT (nm) Vfb (V)Cu/SiO2 (10 nm)/Si 10 -1.32Cu/Si3N4 (3 nm)/SiO2 (10 nm)/Si 11.7 -1.751
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Voltage (V)Figure 3.4 � C-V harateristi of MOS apaitor at 100 kHz voltage sweep frequeny,for a singe oxide (MOS, blak symbol) and an oxide/nitride barrier (MNOS, blue symbol).The orresponding quantum simulation of the urve is also shown (Blak and blue line),following the model presented in the setion 2.Copper mainly impats the reliability of the MOS apaitane. The latter is onve-niently assessed by the measurement of the eletri �eld at breakdown, using a onven-tional Linear Ramp Voltage Stress (LRVS) tehnique with a speed of voltage ramp of 0.5V.s−1, the riterion of break down being hosen at a ritial gate urrent of 0.1 A.m−2.Fig. 9.5(a) shows the Weibull plot of the fabriated apaitors (surfae of 10000 µm2)versus the equivalent oxide �eld to break down ((V g − Vfb)/EOT ), where we used theEOT and Vfb extrated from the C-V �t. MOS Capaitors exhibit extrinsi break downharateristis, with early failure behaviour (E < 1 MV.m-1) ourring for 40% of thedevies. Conversely, 95% of MNOS apaitors using an additionnal thin stoihiometriSi3N4 have a breakdown �eld higher than 10 MV.m−1, with no sign of extrinsi beha-vior. Extrinsi break down failure is ommonly assoiated with point defets inside theinsulator [58℄, whih in our ase an originate from the di�usion of Cu within the oxide[16, 87℄. We therefore heked that assumption by performing Seondary Ion Mass Spe-52



trosopy (SIMS) on both the oxide and the oxide/nitride barriers (Fig. 9.5(b)). SIMSmeasurements were performed on same apaitane strutures, used for eletrial test.Measurement was performed from the rear side, by loally removing the silion of thewafer thanks to a TMAH solution. Analysis was performed by a 45 keV O-ion-beambombardment at an angle of 45◦, down to the underlying Cu layer. The analysis of theopper onentration in the MNOS and MOS strutures puts in evidene a one orderof magnitude lower Cu onentration in the oxide of the MNOS ompared to the MOSase. This observation is onsistent with previous observations from the literature aboutstoehiometri Si3N4 [79℄. The Si3N4 layer hene allows lowering the onentration of Cuin the barrier, therefore strengthening the resistane of the MOS stak to the eletri�eld.
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Figure 3.5 � (a) Experimental reliability plot (in Weibul sale) of the break down �eld ;(b)SIMS measurement of depth pro�le of Copper intensity for MOS and MNOS multilayerinsulatorIn order to further orroborate the quality of the insulating stak of the investigatedstrutures, we estimate the interfae defet density Dit using the standard ondutanemethod developed by Niollian and Goetzberger [88℄. This tehnique is already desri-bed in setion 2. The extration of the Dit at di�erent energies, requires to know theapaitane (C-V) and the ondutane (G-V) of the devies at di�erent frequenies (in53



this study ranging from 1 kHz to 1 MHz). Fig. 3.6(a) shows an example of the measuredondutane as a funtion of the voltage at 100 kHz for the MOS and MNOS devies.This measurement shows a peak at the depletion voltage region whih is orrelated withinterfae defets with a spei� energy inside the Si band gap [89℄. The extrated in-terfae defet density (Dit) for di�erent energies is shown in the Fig. 3.6b. First, bothstrutures display a Dit peak around 0.35 eV above the valene band edge. This featureis already mentioned in the literature and it has been attributed to the opper-induedmid-gap interfae states [90, 16℄. Seond, we an observe that, for the MNOS devies thedefet density redued up to 30% ompared to the MOS struture suggesting that theSi3N4 plays a key role to limit the opper di�usion. Indeed these results are onsistentwith the reliability measurements.
������

Figure 3.6 � (a) G-V harateristi of studied apaitor at 100 kHz voltage sweep fre-queny, for a single oxide (MOS, blak symbol) and an oxide/nitride stak (MNOS, bluesymbol) ;(b) Defet density, Dit at di�erent energies in the Si bandgap for a singe oxide(blak symbol) and an oxide/nitride stak (blue symbol).The ondution mehanism of our devies was also investigated by measuring the DCleakage urrent for low voltages up to -5 V (Fig. 3.7). For the investigated strutures(MOS and MNOS) we observe two populations of devies with di�erent I-V : (a) the de-vies showing an ohmi like ondution ; (b) the devies showing an enhaned ondutionstarting from -3.5 V. The latter is observed for 40% and 10% of the MOS and MNOS de-54



vies respetively. These values are onsistent with the population of the devies showingextrinsi voltage break down failure harateristis (Fig. 9.5(a)), suggesting that devieswith higher defet densities (and so enhaned ondution) are more prone to break down.
��� ���

Figure 3.7 � Example of leakage urrents as a funtion of the applied voltage for (a)MOS and (b) MNOS multilayer insulator, showing the two di�erent population with justohmi ondution and the enhaned ondution starting from -3.5 VThe leakage urrent at low �elds an be attributed to ohmi ondution mehanism[68℄. To identify the ondution mehanism for the higher slope regime, we hek thedependene of urrent (I) on eletri �eld (E) for two main transport tunnelling meha-nism, namely Fowler Nordheim (FN) tunneling and Poole-Frenkel (PF) emission. Using
������

Figure 3.8 � Leakage urrent in a (a) FN plot and (b) FP plot.55



the F-N plot (I/E2 as a funtion of 1/E) [68℄ was observed a non linear �t (Fig. 3.8(a))whih implies that it is not the right ondution mehanism for our investigated devies.The ondution mehanism of the dominant leakage is loser to Poole-Frenkel (PF) emis-sion sine the I-V urve shows linear dependene as a funtion of the V0.5 (Fig. 3.8(b)).This behavior is already observed by other researhers showing that Cu-indued leakageurrent was better �t to a Poole-Frenkel type mehanism [91, 92℄. Further measurements,i.e. I-V at di�erent temperature, would be nevertheless needed in order to de�nitely provethis hypothesis.In onlusion, a MNOS stak an ful�ll the requirement for highly eletrially reliablestrutures, owing to e�ient opper di�usion barrier indued by the thin Si3N4. Thisresult is onsistent with the demands of CMOS tehnology.This aforementioned results was implemented to the fabriation of the integratedplasmoni modulator investigated in this thesis (see setion 3.4 below).3.3 Low optial loss Cu based MNOS stakTransmission measurements of the oming out devie from the gate metal fabriationphase (setion 3.4.3), were performed using a �ber based 1.55 µm laser optial soure.The used experimental set-up was desribed in the hapter 2. The data were normalizedwith the optial transmission of a referene 220 nm × 500 nm Si-WG plaed lose toevery group of 34 PWG samples. Fig.9.6 displays the normalized transmission of about1200 PWGs whose silion thikness is 170 nm and the length LPWG is varied between2 and 7 µm. For eah devie length LPWG, the transmitted power is measured for 18idential PWGs taken at various positions on the wafer.One indeed observes a deay of the transmission as LPWG is inreased. An expo-nential �t to the experimental data gives propagation losses of 0.39±0.02 dB.µm−1 andan insertion loss of 2.2 dB. The latter is extrated from the intereption of the Nor-malized transmission at LPWG = 0mum. These results are lose to that of numerialalulations based on the piture of a diret butt oupling of the inoming fundamental56



Figure 3.9 � Normalized experimental transmission data as a funtion of the LGATE.mode of the SiWG to the fundamental mode of the PWG. Using the optial onstantsof opper given in [55℄ (0.3+10.8i at 1.55 µm), and Si, SiO2 and Si3N4 from palik, wefound, using a modal analysis (Lumerial FDTD) that the fundamental plasmoni modeof the MNOS stak onsidered here has an e�etive index of nPWG= 2.51 and propaga-tion losses of 0.31 dB.µm−1. Following diret oupling theory [93℄, the expeted powertransmission between the fundamental SiWG mode of e�etive index nSiWG= 1.9 andthe fundamental mode of the PWG is the produt of Fresnel transmission oe�ient
Tfresnel =

4nPWGnSiWG

(nPWG+nSiWG)2
= 0.98 multiplied by the overlap integral of the orrespondingmode �elds (Fig 3.10(b)) whih is alulated as 0.61. Aording to this simple alula-tion, we then expet an insertion loss of 4.3 dB. For omparison purpose, a 3D LumerialFinite di�erene time domain (FDTD) simulation of the experiment was performed (Fig.3.10()) using nominal geometry parameters for both PWG and SiWG, as well as thesame optial data used for the modal analysis. An exponential �t of the alulated opti-al transmission data shows a propagation loss of 0.3 dB.µm−1 whih is onsistent with57



����Figure 3.10 � (a) Cross setion in the propagation diretion indiating the main om-ponents of the hybrid plasmoni WG ;(b) The E and H �eld intensity of the fundamentalplasmoni mode is depited for Cu-Si3N4 (barrier)-SiO2-Si-SiO2 struture taken from3D mode analysis using FDTD ;() Calulated transission through the devie by using 3DFDTD.the loss of the fundamental mode estimated by mode analysis. Furthermore an insertionloss of 4 dB was extrated whih it is in agreement by the aforementioned piture ofdiret oupling. Finally, two osillating features are observed. The short period (300 nm)feature is onsistent with Fabry Perot osillation of the fundamental plasmoni mode(λ/(2 ∗ 2.5) ≈ 310nm) within the PWG. Suh FP osillations ould not be evidenedin the experimental data, beause of the fabriation noise level. The long period featureis the result of two modes with di�erent e�etive index. The beating period of 1.55 µmorresponds to an e�etive index di�erene of 1 for lambda=1.55 µm. This is very loseto the di�erene of the e�etive index of the fundamental plasmoni mode, n1=2.51,and the index of the mode supported by the side of the metal, propagating in the samediretion, n2=1.55 (Fig. 3.11).The disrepanies between the experimental and the theoretial results may be at-58
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Figure 3.11 � (a) E and H �eld of the fundamental plasmoni mode ; (b) E and H �eldof the mode supported in the side of the metaltributed to strutural imperfetions like slightly taperized PWG entrane due to someimperfetly ethed edges, or metal surfae roughness at the interfae with oxide, and�nally a possible di�erene in the optial indexes of the materials with respet to thevalues used in simulations.3.4 Fabriation of an integrated plasMOStorIn this setion we desribe the main tehnologial steps in order to fabriate theplasMOStor stak [10℄ integrated with a mono-mode Si waveguide using standard CMOStehnology available on LETI platform. The key milestones of this fabriation are thefollowing :1. Fabriation of vertial Cu based MISM stak whih satisfy the eletrial, optialand material onstraints of CMOS tehnology (i.e Cu as a metal eletrode, Si3N459



as low optial loss di�usion barrier, limitation of the thikness of TiN in order tominimize the indued loss).2. In-plane waveguide oupling in order to put light inside the plasMOStor. This givesthe advantage of CMOS ultra large sale fabriation.3. Diret bonding in order to fabriate the bak ontat.
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CDE�F��
���E�E��AFigure 3.12 � Shemati top view of the integrated plasmoni modulator (a) with di�erentross aordingly to di�erent planes ; ross setion in the diretion of propagation (b) rosssetion in perpendiular diretion ().The struture of the integrated plasmoni modulator is shown shematially in Fig.9.7. The devie is fabriated on a silion-on insulator (SOI) wafers, with SOI waveguideserving as the medium of propagating light. The light is oupled to the TM-polarizedmode of the photoni waveguides through grating ouplers. As the light propagatesthrough the ative region (plasMOStor), it ouples into a plasmoni mode. Fig. 9.7(a)60



shows a shemati top view of the integrated plasMOStor, with all the major omponentsindiated. The plasMOStor onsists of a metal-insulator-Si-metal waveguide where thebak metal was fabriated by �ipping and moleular bonding of the original SOI waferon a Si arrier wafer. The ative devie area varies from 1 to 6 µm2, 1 µm width andlength varying from 1 µm to 6 µm.The fabriation of these strutures an be synthesized in �ve main phases (Fig. 3.13) :1. The �rst phase ("Grating ouplers") is used to design the grating ouplers to ouplelight to SOI waveguide.2. The seond phase is ("Si-WG") to reate the SOI Si waveguide whih is requiredto ouple light to the ative region.3. After that a metallization window is opened and the �rst eletrial ontat is made("Gate metal")4. After the formation of the �rst metal layer, the wafer is �ipped and moleularbonded ("Bak metal")5. Finally we fabriate the eletrial pad.We will desribe hereafter in details eah single fabriation phase.
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Figure 3.13 � Shemati representation of the eletro-optial plasmoni modulator afterthe 5 main fabriation phases. 61



3.4.1 Grating optial ouplersIn order to ouple light between the �ber and the SOI WG we use grating ouplersFig. 3.14. The grating ouplers are plaed on the initial SOI wafer of a 220 nm Si layeron a 145 nm buried oxide (BOX) (Fig. 3.14(a)). At the level of grating, a DUV 193nm optial lithography is followed by partial ething of the Si layer using the reativeion ething step. In order to maximize the optial power inside the SOI waveguide wearefully design the optial ouplers [94℄. For a given wavelength λ and a oupling angle
θ, the optimal grating period is given by the phase mathing onditions :

k. sin(θ) + p
2π

Λ
= B (3.2)
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Figure 3.14 � (a) Shemati diagram of the optial ouplers ; (b) SEM ross setionFpiture of the ouplers indiating the main dimensions of the ritial omponentswhere k is the wave vetor of the out oupled mode (k=2π/λ), p is the di�rationorder, Λ is the grating period, B=(2π/λ)neff is the real part of the propagation onstantof the mode and neff is the real e�etive index of this mode. Based on our alulation, fora oupling angle of 10◦ the maximum oupling is given by the following set of parameters :lines of 12 µm in length, 0.475 µm in width with repetition of 0.950 µm Fig. 3.14 andethed in silion with a depth of about 70 nm. This grating ouplers was designed suhas it is working e�iently in an upside down exitation on�guration.3.4.2 Si waveguideIn order to fabriate the Si-WG we use a mask whose layout it is omprised of threeparts (Fig.3.15). The entral part (Fig.3.15) onsists of the Si PWG with varying lengths,Lsi, from 1 to 6 µm with a step of 0.15 µm. The input and output side (Fig. 3.15) of62



Si plasmoni wave guide, is oupled with a standard hannel Si-WG of 220 nm × 500nm. The silion waveguide was reated by photo-lithography and ething trough a 40 nm
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Figure 3.15 � Si-WG oupled with the Si-PWG.thik thermal oxide hard mask (Fig. 3.16(b)). After that it was subsequently enapsulateby a onformal 60 nm thik Si3N4(by Low Pressure Chemial Vapor Deposition at 720
◦C) followed by 800 nm SiO2 (TEOS LPCVD at 700 ◦C), Fig. 3.16()). Si3N4 plays tworoles ; it was used as a di�usion barrier for the Cu in order to eliminate the short iruitand also as an eth stop when we eth through the enapsulation in the following steps.
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Figure 3.16 � (a-) Fabriation progress of silion WG, using fully CMOS ompatibletehnology ; (d) SEM image of the �nal Si-WG
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3.4.3 Gate metalAn other mask is used to reate the metal gate of the MOS apaitor as well as theexternal eletrial pad. Fig. 3.17 presents a top view of the whole struture. The gatemetal is loated at the level of the plasmoni modulator and it is a retangular withlength, LGATE , and width of WGATE= 0.8 µm. The eletrial ontat are square-shapedof 50 µm × 50 µm with voids inside in order to prevent the total ething of opperduring the CMP proess. The two areas are linked with an eletrial ontat of a widthof W1=5µm, whih is redued up to W2=0.5 µm at the side of plasmostor to minimizethe optial perturbation of the modulator. It is worth noting that sine this devie is a�rst proof of onept we deide to do not use the RF spei� design (whih is expensiveand requires spei� knowledge) for the eletrodes.

Figure 3.17 � The gate metal phase omprise from the ontat pad, the eletrial linksand the gate metal.Furthermore, the gate metal is enter in the middle of the Si plasmoni waveguide(Fig. 3.17) and its length is given by the following equation : LGATE = LSi +X, whereX = 0.2, 0.6, 1, 1.4 µm. We note also that the ontat pad extends 34.6 µm from the Siwaveguide in order to have enough spae for the eletro-optial haraterization.A detailed desription of the fabriation of the metal gate is shown in the Fig. 3.18.After the fabriation of the Si-WG (Fig. 3.18(a)), the gate ontat is patterned by da-masene tehnique followed by dry and wet ething until Si waveguide. Wet ething is64
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160 nmFigure 3.18 � (a-) Di�erent fabriation phase of MNOS plasmoni WG ;(d) SEM imageof the �nal PWG.performed in order to to avoid any dry ething of Si, and thus ontrol the thikness of Si.Wet ething also allows ahieving a lean and smooth Si interfae before the fabriationof the gate stak. After ething of a avity in the enapsulation down to the Si waveguide,the insulator gate stak is formed by 10 nm thermal oxidation and 3 nm Si3N4 depositionas a di�usion barrier (Fig. 3.18(b)) to Cu ; a very thik (1.5 µm) Cu layer is then deposi-ted and polished by CMP after annealing. Annealing improves the Cu rystalline quality,and therefore leads to state of the art low optial SPP propagation losses. After that stepthe gate metal is enapsulated by Si3N4 and SiO2. Finally, the wafer was transferred ona 2 µm oxidized arrier Si wafer by moleular bonding, and the Si substrate of the initialSOI wafer was removed by mehanial grinding and hemial ething down to the BOX.(Fig. 3.18()). A SEM ross setion piture at that phase is presented in the Fig. 3.18(d).Note, at that point, some of the wafers are extrated from the lean room and an opti-al validation of the MNOS stak was performed (see Fig. 9.6). This was an intermediate65



stage before the full fabriation of the integrated plasmoni modulator. Measurementsand results related to this optial validation are already reported in the setion 3.3(seeFig. 9.6)3.4.4 Bak metal
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Figure 3.19 � (a) Shemati and (b) SEM ross setion of the �nal struture ; () Topview of 200 mm wafer inluding more than 30000 devies ;(d) binoular top view of singledevie indiating the important omponents ;After the validation of MNOS stak as a reliable and low optial loss plasmoniwaveguide we ontinue to the fabriation of our plasmoni modulator [10℄ in vertiallyintegrated hannel on�guration. At that point, the wafer-to-wafer diret bonding wasperformed at atmospheri pressure and room temperature, with µm-range ontrol of waferalignment and after hemial mehanial polishing (CMP) of SiO2 surfaes. The bonded66



wafer pair was subsequently annealed at 200 ◦C for 2 hours to onvert hydrogen bondsinto ovalent bonds and inrease the bonding energy. Finally, the bak metal ontat wasfabriated on the �ipped struture, using a Cu/TiN barrier sheme. The �nal strutureis shown shemati in the Fig. 9.8(a), (b). Fig. 9.8() and Fig. 9.8(d) shows the top viewof the 200 mm wafer and the single devie respetively.3.4.5 Eletrial ontat padsWe �nalize the fabriation of the plasmoni modulator, with the fabriation of Alontat pads on the Cu lines. To do that, two lithography steps are used in order toreate the avity for the eletrial pads whih are square of 50µm × 50µm.3.5 ConlusionIn this hapter we disuss the integration issues whih fae up with the fabriationof our plasmoni modulator. We proposed a MNOS stak for appliations in eletro-optial plasmoni devies, so that a very low optial losses and reliable operation isahieved. This objetive is met thanks to a areful hoie of materials, opper as a plasmonsupporting metal and stoehiometri silion nitride as a ultrathin di�usion barrier to thelatter, and the use of fully CMOS ompatible proesses to integrate the MNOS plasmoniwaveguide within silion photonis iruitry. Final reliability is above 95% for a 3 nm thikSi3N4 layer, leakage urrent density below 10−8 A.m−2 and optial losses as low as 0.4dB.µm−1 for a 13 nm thik insulator barrier, in agreement with the Cu ellispometri data.Furthermore, we note that the MNOS stak was fabriated using the same fabriationproess of the MNOS apaitane desribed in subsetion 3.2. The damasene tehniqueappears partiularly well suited for a high quality PWG fabriation as (i) the patterningof the metal is ahieved thanks to well mastered and standard oxide/nitride ething steps,(ii) it prevents the absorbing opper oxide formation [55℄ at the interfae where plasmonmode are propagating, and (iii) it uses a high temperature annealing of the metal whihfavors high material quality and extremely low optial loss SPP propagation.67



After demonstrating the MNOS as an appropriate struture for eleto-optial CMOSplasmonis, we fabriate a vertial metal-insulator-Si-metal waveguide where the bakmetal was fabriated by �ipping and moleular bonding of the original SOI wafer on a Siarrier wafer. The ative devie area varies from 0.5 to 3 µm2, 0.5 µm wide and lengthvarying from 1 to 6 µm. These results open the way towards the high performane and lowost fabriation of plasmoni ative devies within CMOS foundries. The aforementioneddevelopment was applied in order to realize e�ient plasmoni oupler (Chapter 4) aswell as ative eletro-optial modulator (Chapter 5).
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Chapitre 4
E�ient light oupling from Si-WGto integrated plasMOStor

In the previous hapter a hybrid plasmoni waveguide (PWG) is demonstrated byintegrating the vertial Metal-Insulator-Si-Metal (MISM) PWG (refered as plasMOStor)with a onventional Si waveguide. Now the question that arises is : "How an we put lightinside the integrated plasMOStor e�iently ?". This hapter seeks to answer this problemby proposing and experimentally demonstrating an e�ient plasmoni oupler betweenthe Si waveguide and the MISM plasmoni PWG. The whole struture is fabriated usingthe CMOS ompatible proess available at CEA-LETI. Three dimensional FDTD is alsoexploited in order to simulate our plasmoni ouplers. The experimental and simulationresults are in agreement illustrating that the highest-e�ieny geometry orresponds toa ompat oupler of 0.5 µm length having oupling loss of only 2.5 dB per oupler(experimental value).4.1 IntrodutionThe MISM hybrid plasmoni waveguide (PWG) is of partiular interest for CMOSative plasmonis beause it allows the propagation of highly on�ned modes in theregion of the insulator [10℄ and an potentially be integrated within Si-based eletronis69



foundries (hapter 3). However, suh plasmoni strutures su�ers from both high materialabsorption loss (due to the high �eld on�nement) and high oupling loss. The formeran be addressed by material hoies as it is already disussed in hapter 3. Consideringthe latter, we note that the sharp juntion and the size mismath between the standardSi-photonis WG and the MISM WG leads to detrimental losses [13℄. Fig. 4.1(a) showsan example of suh juntion where the SOI-WG is butt oupled with the MISM PWG.When the inident mode (I) in the SOI-WG reahes the Si-WG/MISM juntion some ofthe power is oupled to the MISM mode although it is observed that a part of it, is lostto re�etion and sattering.

Figure 4.1 � (a) Abrupt juntion between the Si WG and a metal based waveguide ; (b)The E and H �eld intensity of the fundamental plasmoni mode supported in Si WG andMISM plasmoni WG taken from 3D mode analysis using FDTDHereafter, the ase of abrupt juntion is investigated in detail. In partiular, by using3D FDTD simulation tools, we model a devie where the SOI-WG is butt oupled withMISM plasmoni WG (Fig. 9.9 with an Lc=0). The detail desription of suh devie isreported at the beginning of the setion 4.3. We found that 14% of the initial power isre�eted bak into the SOI-WG mode propagating in the opposite diretion (Fig. 4.6),while 55% of the initial power is sattered into unguided modes.The results obtained by FDTD are ompared with those extrated by onsidering thebutt oupling approah in whih the fundamental SiWG mode is diret oupled to thefundamental mode of the MISM plasmoni waveguide. In this ase, the power oupling70



e�ieny (t) between two waveguides with di�erent mode e�etive index and �eldsamplitudes is the produt of the overlap integrals between the �elds of the input and theoupled mode, multiply by the Fresnel transmission oe�ient [95, 93℄ :
ct = [

4βIβC
(βI + βC)2

]×Re[

∫∫
Ω

EI ×H∗

C dΩ
∫∫
Ω

EC ×H∗

I dΩ

∫∫
Ω

EC ×H∗

C dΩ)
]×

1

Re(
∫∫
Ω

EI ×H∗

I dΩ)
(4.1)where βI and βC are the propagation onstant of the inident and oupled mode respeti-vely, EC and HC are the eletri and magneti �eld of the oupled mode respetively andEI and HI are the eletri and magneti �eld of the inident mode (Fig. 4.1(b)). Basedon this model, the expeted re�eted power between the fundamental SiWG mode andthe fundamental mode of the MISM PWG is given by the Fresnell oe�ient Rfresnel =

[(nI − nC)/(nI + nC)]
2 = [(∆n/(nI + nC))]

2 = 0.09. Moreover the overlap integral (Eq.4.1) of the orresponding mode �elds (4.1(b)) was found as Ω = 0.49. Then the ouplingloss per oupler (kc) is given by kc = −10log × [(1 −Rfresnel)× Ω] = 3.49dB/couplerwhih is lose to that found from 3D FDTD transmission alulation (see Fig. 4.14).Therefore the diret oupling of SOI-WG to MISM PW leads to high oupling loss.The solutions to that problem are reported in the following setion.4.2 Review of plasmoni oupler strutureIn order to enhane the oupling of light from a Si-WG to a PWG, we have to maxi-mize the mode overlap of inident mode with that of oupled mode and also to minimizethe momentum mismath between these modes. To that respet, several oupling on�-gurations have been used in the literature, inluding butt ouplers, taper ouplers anddiretional ouplers and are brie�y desribed below.Diretional oupling has been proved to be an e�ient way to ouple light from aSi waveguide to a PWG [11, 96, 97, 98, 99℄. The theory and the operation priniple ofdiretional oupling between two waveguides are well known [100℄. One of the issue whendesigning an e�ient diretional oupling system is to ahieve the same phase onditionswith the waveguides involved. For example in the publiation of Delaour et al [11℄ (Fig.71



Figure 4.2 � Hybrid optial hip showing diretional oupling between the Si-WG andthe metal slot waveguide [11℄.4.2) the slot plasmoni WG and the ridge Si-WG were design in a way in order tosatisfy the mode phase mathing ondition of the two waveguides. This ould be a greatbene�t for reduing re�etion (see Eq. 4.1). However, this oupling sheme will not beappropriate for oupling light from Si-WG to MISM plasmoni WG due to the immanentmomentum mismath between the modes involved in the two waveguides. The latter isillustrated in the Fig. 4.3 whih shows a parametri mode analysis of the fundamentalmode supported in the planar MISM stak. It is seen that by varying parameters suh asthe silion and insulator thikness (in order to hange the momentum of the mode) thee�etive index of the mode remains very high (> 3.5) and muh larger to that supportedby the onventional CMOS Si-WG (neff is approximately 2)An alternative solution to enhane the oupling between Si WG and plasmoni WGis the taper oupler. By using tapers we an eliminate the abrupt geometrial hanges,whih is responsible for some sattering and re�etion loss, and thus we an ahieve highermode overlap between the inident (I) and the oupled mode (C). As a onsequenethe radiation loss an be signi�antly redued. Di�erent design of ouplers are alreadyproposed in the literature inluding mainly lateral [12, 101, 102, 103, 46, 74℄ and vertial[104, 13℄ sheme (Fig. 4.4). The latter is of partiular interest beause ould potentially�t with our problem whih is the oupling light into a vertial MISM stak. In thispartiular sheme, the insertion loss is very sensitive to the thikness of the tapered WG.72



Figure 4.3 � E�etive index of the the fundamental mode supported by the MISM stakfor di�erent silion and insulator thiknessTherefore, an aurate ontrol of the thikness along the taper is needed. However, thiswill be assoiated with the development of speial ething tehniques [105℄ whih indueomplexity to the fabriation and therefore is not preferable.
������

Figure 4.4 � (a) Lateral taper [12℄ ; (b) vertial taper [13℄ onneting dieletri WG withmetal WG.Finally, diret or butt oupling is proposed as a simple way to onnet Si-WG withPWG. This oupling sheme represents the most straightforward, pratial and simpleway to link PWG with Si-WG. Butt oupling has already been demonstrated [106℄, in73



2D numerial simulations (in�nity width), as an e�ient way of putting light insidethe PWG. However, for more realisti ases 3D alulations are required. As it is alreadyshowed in the introdution, the diret oupling leads to high oupling loss (see Fig. 4.14).4.3 Novel oupling strutureIn this setion we desribe an e�ient oupler sheme by inserting a MISI short wa-veguide setion between the Si-WG and the MISM plasmoni waveguide. Furthermorewe have also, using the CMOS tehnology, fabriated and experimentally haraterizedthis design. Finally it is worth noting that the MISM strutures presented here are desi-gned for operation as ative swithing elements (hapter 5) ; however, this setion fousesspei�ally on minimizing optial oupling loss, whih is essential for demonstrating theviability of plasmoni omponents in pratial photonis arhitetures.The asymmetri plasmoni-photoni hybrid struture investigated in this setion isshematially depited in the Fig. 9.9. It onsists of a vertial MISM struture omposedof two symmetri opper metals. The MISM struture is butt-oupled with a mono-mode Si waveguide of 220 nm × 500 nm ross setion through a ompat ouplingregime omposed of a vertial Copper-Insulator-Silion-Insulator (MISI) waveguide. Fig.9.9(b) shows a ross setion SEM piture at the level of plasMOStor in the diretionperpendiular to the propagation of the light.The design presented above was investigated with the help of 3D FDTD simulationsusing the optial onstants of opper given in [55℄, and the optial onstants for Si, SiO2and Si3N4 given by Palik [9℄ at the wavelength of 1.55 µm. The oupling e�ieny isenhaned by inserting an intermediate MISI setion between the Si-WG and the MISM-PWG. The priniple of this enhanement is governed by multimode interferene e�etwithin the MISI setion. Furthermore, the MISI setion gradually dereases the modeindex, whih redues the phase mismath between the Si-WG and the MISM- PWG andtherefore leads to less re�etion loss(ompared to the ase without any MISI setion).Hereafter, we present simulations and experiments demonstrating the aforementioned74



Figure 4.5 � (a) Hybrid plasmoni waveguide showing the oupling struture (MISI)onneting the SOI-waveguide and MISM; (b) SEM image of the ross setion of theMISM struturephysial e�ets whih leads to improved oupling.Fig. 4.6 shows the bak re�eted power of the SOI-WG mode as funtion of the MISMlength for Lc= 0 µm (symmetri oupling) and the Lc= 0.7 µm (asymmetri oupling)estimated using FDTD. The simulations were performed at the teleommuniation wa-velength for a MISM devie length (LMISM) varying from 2 µm to 4 µm with a step of0.15 µm. In the ase of Lc=0.7 µm, it was observed that the re�eted power is 7% whihis 50% less ompared to the symmetri ase.The multimode interferene e�et is also demonstrated with simulations. Fig. 9.10shows the alulated transmitted power at a wavelength of λ = 1550 nm through a 2.475
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Figure 4.6 � Calulated re�etion for di�erent MISM length for two ases : Lc= 0 µmand Lc= 0.7 µm.
µm long MISM waveguide with idential input and output MISI ouplers of length Lc.The oupler length are varying from 0 to 5 µm with an inrements of 50 nm. We observeosillating behavior with a periodiity equal to 1.5 µm with a maximum transmissione�ieny (�rst peak in the Fig. 9.10) at Lc=0.5 µm. Independent of the osillation, thetransmission data (Fig. 9.10(a)) is haraterized by an exponentially deaying envelope,whih was used to determine the propagation loss of the MISI ouplers. In partiular, we�nd that the propagation loss is 0.3 dB.µm−1, in agreement with the imaginary part ofthe e�etive index alulated for the fundamental plasmoni mode of the MISI struture(Fig. 4.6a).Three di�erent MISI lengths, LMISI)=0.3 µm, 0.5 µm, 0.7 µm, have been fabriated76
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× 500 nm silion waveguide (SiWG) plaed lose to every group of 34 PWG samples. Wenote that, thanks to the ultra large sale fabriation, provided by CMOS tehnology, alarge number of devies are allowed to be tested. In partiular, for eah MISM setion(LMISM ), we measure the transmitted power of three idential PWGs at di�erent posi-77



tions on the wafer. Figure 9.11 shown the normalized attenuated power of the PWG asa funtion of the MISM length LMISM , varying between 1 and 6.5 µm, in inrements of150 nm, for three di�erent oupling lengths (Lc=0.7 µm, Lc=0.5 µm, Lc=0.3 µm). Thetransmitted data is linear �tted and therefore the propagation and insertion losses an beextrated aurately. The �tted value for propagation loss per length is omparable forall ontat geometries studied, with an average value of 2.58±0.2 dB/µm (Fig. 4.14a).
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Figure 4.8 � Experimental attenuation measurement as a funtion of the MISM length(LMISM) for di�erent oupling lengths : (a) symmetri (Lc= 0 µm), (b) Lc=0.3 µm; ()Lc=0.5 µm; (d) Lc=0.7 µm.For omparison purpose, a 3D FDTD simulation of the experiment was performed78



using nominal geometry parameters for both PWG and SiWG. Fig. 4.9 shows an exampleof the reording power transmission with �xed Lc=0.7 µm but MISM setions of varinglength. The alulation were performed at 1.55 µm single-wavelength. It was observedthat the transmission data reveals linear �t from whih both the propagation and inser-tion loss is extrated. The alulated transmission for the other geometries (Lc=0 µm,Lc=0.3 µm, Lc=0.5µm) was also measured and the results from the exponential �t aresummarized in the Table 4.1. It is worth noting that the error in the �tted values isre�eted in the osillation in transmission vs. MISM length, apparently due to interfe-rene between multiple plasmoni modes. For longer gate ontats the osillations arediminished suggesting stronger oupling into a single mode.
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4.4 DisussionWe start our disussion with the investigation of the numerial results presentedin the Fig. 4.6. We reall that in this graph we observe that the power re�etion isredued by 50% in the ase of using an additional MISI oupler. In order to understandthis behaviour, we estimate the expeted Fresnel re�etion oe�ient between �rstly thefundamental SiWG mode (nSiWG= 1.9 ) and the fundamental MISI mode (nMISI= 2.6)and seondly the MISI mode and the foundamentamental MISM mode (nMISM= 3.5).We found that for the asymmetri ase the Rfresnel=4% whih is approximately 50%lower ompared to the Fresnel re�etion oe�ient of the symmetri ase (Rfresnel=9%).Indeed, the MISI setion gradually dereases the mode index, whih redues the phasemismath between the Si-WG and the MISM-PWG and leads to less re�etion loss.In addition to the Fresnel re�etion oe�ient we estimate the overlap integral (Eq.4.1) between, �rstly, the mode �elds of the fundamental TM mode supported in a SiWGsetion and the mode �elds of the fundamental mode supported in a MISI setion and,seondly, the fundamental mode supported in a MISI setion and the fundamental modesupported in the MISM setion. The E and H �eld of the fundamental plasmoni modesupported in eah setion (SiWG, MISI and MISM) are presented in the Fig 4.10. A-ording to this alulation, we estimate the total overlap integral value as 0.48 whih isvery losed to the one alulated for the symmetri ase (see introdution).Finally we estimate the expeted power transmission, whih is the produt of theFresnel transmission oe�ient multiplied by the overlap integral of the orrespondingmode �elds (alulated above) for the assymetri ase. Based on that alulation, wethen expet a oupling loss of 3.46 dB per oupler. This value is very lose to the oneestimated for the symmetri ase (3.49 dB, see introdution) but muh higher than theexpeted value from the 3D FDTD transmission alulation (see Fig. 4.14). The reason ofdisrepany maybe attributed to the Fabry-Perot e�et as well as multimode interferene(MMI) e�et in the MISI setion. The latter is disussed in detail in the following setion.The multimode interferene e�et thanks to the use of the MISI setion was suggested80
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Figure 4.10 � E and H �eld intensity of the fundamental modes supported in the di�erentsetions (SOI-WG, MISI-WG and MISM-WG).as another physial phenomenon whih improves the oupling e�ieny of our devie.The �rst objetive of this disussion is to justify that the osillations observed in theFig. 9.10 omes from the MISI setion (and not from the MISM setion). To that respetwe plot the �eld intensity in the side view (slie through the gate insulator) orrespondsto a plane biseting the waveguide in the x-diretion. We observe a periodiity of the�eld, Lb=1.5 µm, in the MISI oupling region (Fig. 9.12(b),()). It is therefore plausiblethat the observed osillation is a result of the MISI setion. The latter is enhaned byan additional simulation experiments that we perform named "one sided alulation".During this alulation, the metal was extended through the PML absorbing layer (insetof Fig. 4.12(b)). By doing that we exlude the e�et of out oupling and any phasee�et ourring in the MISM setion and we foused only to the investigation of theinput oupling (i.e from SOI WG to MISI PWG and then to MISM PWG). Optialalulations of the transmitted power as a funtion of the one sided Lc was reorded andpresented in the Fig. 4.12. We found a beating feature of 1.5 µm whih is onsistent withthat observed in the Fig. 9.10(a). These numerial experiment provides evidene that theMISI oupling struture originates the osillating features observed in the transmissionmeasurement. 81



Figure 4.11 � (a) Cross setion of the investigated struture in the propagation diretion ;(b) Field intensity through the hole devie (diretion x) from a monitor positioned in theinsulator of the gate stak ; () Power intensity in the propagation diretion (Px) atdi�erent ross setion of the MISI stak (X= 0.1 µm, X= 0.5 µm, X= 0.9 µm, X= 2
µm).In order to understand the origin of these osillations we try to �t the intensitypro�le of the Fig. 9.10(a) to a model for a Fabry-Perot avity with loss. We found thenon-physial result that the osillation period orresponds to an intraavity mode indexsigni�antly less than 1. The physial interpretation of those osillating futures is wellexplained by the multi mode interferene phenomena whih is detailed reported in thehapter 3.Finally as the oupler length, Lc, is inreased the power transmission e�ieny reahesa maximum at Lc=0.5 µm. Even though the optimized MISI oupler regions ontributean additional 1 µm to the overall length of the plasmoni waveguide setion, we note thatthe end-to-end transmission is inreased by nearly a fator of three. The optimal value ofLc was found to be approximately 0.5 µm, regardless of the length of the MISM setion,indiating that the ouplers operate independent of any interferene e�ets within theMISM waveguide region. The latter is demonstrated by performing numerial alulations82



Figure 4.12 � Calulated transmission for di�erent Lc lengths in one side on�guration(inset).and monitor the transmission power as a funtion of the oupling length (Lc) for twodi�erent MISM length (Fig. 4.13). For both LMISM we observe an osillating behaviourwith a beating period of 1.5 µm whih it was independent from the MISM length. Anadditional derease of the transmission is observed, whih agrees well with the additionalindued losses from the inreased MISM length.Table 4.1 summarize the propagation loss extrated from experimental data and 3DFDTD alulations for di�erent oupling lengths (Lc). The �tted value for loss per lengthis omparable for all ontat geometries studied, with an average experimental valueof 2.56 dB.µm−1. This value is lose to that of the fundamental plasmoni mode loss83
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Figure 4.13 � Calulated transmission as a funtion of the oupler length, Lc, for twodi�erent MISM length.(supported by MISM stak) estimated from mode analysis.Fig. 4.14 shows the experimental and theoretial insertion loss for di�erent ouplinglengths, Lc, as well as the value obtained from diret oupling theory. Similar to theexperimental measurements, the theoretial insertion loss was determined from FDTDsimulations with the way explained in Fig. 4.9. From the fabriated devies, we �ndthat an optimal oupling length of 0.5 µm results in an insertion loss of 2.5 dB. Asa funtion of Lc, the measured insertion loss follows the same trend as the alulatedvalues (from FDTD), with an o�set of approximately 1 dB for the fabriated devies thatwe attribute to additional propagation loss aused predominantly by imperfet metal-84



Table 4.1 � Experimental and theoretial propagation loss for the investigated geome-tries. Propagation loss Lc=0 µm Lc=0.3 µm Lc=0.5 µm Lc=0.7 µmExperimental (dB.µm−1) 2.3±0.2 2.62±0.15 2.66±0.15 2.67±0.15Theoretial (dB.µm−1) 2.6±0.49 2.64±0.35 2.81±0.2 2.64±0.11Mode analysis (dB.µm−1) 2.61 2.61 2.61 2.61dieletri interfaes in the MISI oupling regions. Finally we ompare the insertion lossextrated from both the FDTD and experimental data with that obtained from thediret oupling expression. In the ase of an extended MISI setion, we observe that thevalues obtained from FDTD and experiments follows di�erent trend ompared to thosepredited from the diret oupling method (whih are approximately onstant for all theinvestigated geometries). This may be attributed to the MMI phenomena ours insidethe MISI setion, whih are not taken in aount for the diret oupling alulation. Thissuggests that the multimode interferene e�et, plays the dominant role for improvingthe oupling of our devie.4.5 Comment on the planar struture and the CMOS inte-grated devieIn this setion we ompare the optial behaviour of the original plasMOStor, inventedfrom CALTECH, with that of integrated plasMOStor, fabriated in the CMOS foundriesproess available in CEA-LETI.The original plasmostor is modelled as a four-layer waveguide onsisting of semi-in�nite Ag ladding layers in ontat with the Si ore, on the bak side, and the SiO2 onthe front side. We reall that this struture, with a Si thikness around 180 nm supportsa plasmoni mode and a hybrid "photoni" mode. The eletri �eld distribution of theplasmoni mode (blue) is mainly on�ned in the insulator and a mode index of n=3.641,85
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Figure 4.15 � Mode properties of the plasmostor [10℄
86



while the eletri �eld of the photoni mode is mainly plaed at the enter of the Si-WGand a mode index of n=0.375 (Fig. 4.15). Although, the loss of the plasmoni mode werereasonably low (0.207 dB/µm), the loss of the photoni mode is relatively large (10 timeslarger ompared to the plasmoni mode).
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Figure 4.16 � (a) Devie shemati of the integrated plasmostor ; (b) Mode properties ofthe integrated plasmostorWe already disussed (hapter 3) that the proposed struture of plasmostor an notbe integrated as it is within the CMOS environment. Presented below are some simu-lations of the CMOS stak (Court. CALTECH) The main onstraints omes from theneed of CMOS ompatible material whih also prevents both the optial and eletri-al behaviour of our devie. We remind that regarding the material aspets, instead ofAg we use Cu (CMOS ompatible) and also we use inter-faial layers between the me-tal/insulator and the metal/Si. Fig. 4.16a shows the new geometry whih ful�ls the abovementioned requirements. Fig. 4.16b shows the modes supported by the devie with theas-fabriated integrated geometry. A plasmoni modes with loss of 2.6 dB/µm, and avery lossy â��photoniâ�� (45 dB/µm) mode are supported. By omparing those losseswith the slab design we observe that the plasmoni loss inreases by a fator of 10 andthe photoni mode loss by a fator of 20. This is due either to materials hoie (TiN isvery loss material for plasmons) either to the geometry (the lateral on�nement indue87



higher optial loss). As a onlusion, the CMOS restritions indue higher optial lossesand may prevent the devie from funtioning as well as the slab design.4.6 ConlusionWe have provided an e�ient and simple way to ouple light from Si-WG to vertialMISM PWG by inserting a MISI oupling setion between the two waveguides. Thisoupling sheme allowing insertion losses as low as 2.5 dB/oupler. This value is 3 timessmaller ompared to the ase of diret oupling (without any MISI setion). The signi�-ant improvement of oupling loss is attributed to the following reasons : (a) thanks tothe use of the MISI setion we gradually dereases the mode index, whih redues thephase mismath between the Si-WG and the MISM-PWG and leads to less re�etionloss(ompared to the ase without any MISI setion) ; (b) the proposed oupler ats asa multimode interferene region and therefore, working at the �rst peak of the osilla-ting behaviour we an bene�t of an enhaned oupling. We demonstrate also that thedominant e�et of the improved oupling is the MMI e�et. Finally a omparison bet-ween the slab and the integrated plasMOStor was performed, assuming that the lateralon�nement and the materials restrition demanded by CMOS environment preventingthe devie from funtioning as well as in the slab design.
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Chapitre 5
Eletro-Optial Investigation ofIntegrated MOS plasmoniModulator

This hapter presents the eletro-optial investigation of MOS plasmoni modulator.At the beginning we hek the interest of using high dieletri onstant (high-k) ma-terials suh as Al2O3 and HfO2 in order to ahieve an optimized MOS struture withlow operation voltage and low insertion loss. After that, we present a detailed eletro-optial investigation of the integrated plasmostor. The theoretial study shows that theEletro-Absorption (EA) is the dominant e�et for light modulation with the aumula-tion onditions as the most e�ient operation mode given the optial loss of the plasmonimode. Eletrial measurements are also performed showing devies with aumulationapaitane of few fF and leakage urrent below 10fA. Finally, eletro-optial (EO) mea-surements show an optial modulation having a apaitive signature, in agreement withsimulations.
89



5.1 Insertion loss of a MISM stakThe performane of our devie may be de�ned in terms of both the modulation depthand the insertion loss. The latter investigated in detail in this setion.Insertion loss refers to the loss due to the inoupling (kcoupling) and outoupling(kcoupling) losses as well as the material absorption loss, (kabsorption), within the MISMregion :
ktotal(dB) = kincoupling + koutcoupling + kabsorption (5.1)In the hapter 4 the inoupling and outoupling proesses were disussed (relating tothe �rst two omponents of the right side of Eq. 5.1) without dealing with the MISMabsorption loss. These optial losses are related to the modal absorption oe�ient thatis a funtion of the onstituent dimensions, the absorption oe�ient materials, as well asthe spatial distribution of the eletri �eld omponent. The absorption loss (in dB/µm)of the MISM stak is given by the relation :
kabsorption = −10log[exp(−αmode × LMISM)] (5.2)where LMISM is the MISM length and αmode is the mode loss. In the following we willinvestigate the MISM absorption loss with respet to the nature (i.e. high-k dieletrimaterial) and thikness of the insulator as well as the thikness of the Si layer in theMISM stak (see Fig. 5.1).5.2 Interest of high-k dieletris to optimize the insertionloss of a MISM stakThe impat of the thikness and di�erent optial index insulating layers on optiallosses was investigated for the MISM plasmoni waveguide shown in the Fig. 5.3 withthe help of the mode solver desribed in the hapter 2.This waveguide onsists of a �ve layer of Cu-SiO2-Si(160 nm)-TiN(5 nm)-Cu wave-guide. The thikness of the insulator (tins) vary from 3 nm to 40 nm. The thikness of90



Figure 5.1 � Shemati ross setion of the ative integrated plasmostorthe Cu �lm is 400 nm in order to avoid e�ets of the Cu �lm thikness on the plasmo-ni mode inside the insulator as the plasmoni skin depth in Cu remains approximatelyonstant at 22 nm at near-infrared wavelengths. We investigate this struture for ope-
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Figure 5.2 � Shemati of the 2D MISM plasmoni waveguide with in�nite widthration wavelength at 1.55 µm. We note that the optial index of the materials used isgiven in [9℄ exept the Cu [55℄. Fig. 5.3 shows the propagation losses of the fundamentalplasmoni mode with varying the insulator thikness using SiO2 or Al2O3 as insulators.91



For both ases, we found that the losses of the fundamental plasmoni mode dereaseswith dereasing the insulator thikness.
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tsi=160 nmtins TiN (5 nm)/CuCu

Figure 5.4 � Plot of the eletri �eld intensity, E, for tsi=160 nm and tins=5,10,15 and20 nmAt that point, it must be onsidered that optimizing the insulator parameters (i.e.thikness and nature) from the optial point of view, we a�et also the eletrial perfor-mane of the devie, suh as operation voltage. For example a MOS plasmoni modulatoris a apaitane-operated devie in whih the operation voltage depends both on the thi-kness (tins) and the dieletri onstant (kins) of the insulator :
Vg − Vfb =

Q

Cox
=

Qtox
ε0koxA

(5.3)where the parameters Vg, Vfb, Q, Cox, ǫ0 and A are already de�ned in the hapter 2.We note that, by using the de�nition of the EOT (EOT = kox
khigh−k

tox see hapter 2) wean write the Eq. 5.3 in more onvenient way for the purpose of the eletrial design ofthe devie :
Vg − Vfb =

QEOT

kSiO2
A

(5.4)Therefore the thikness as well as the nature of the insulator, or alternative the EOT,93



within a plasmoni MOS modulator will a�et its performane in terms of the optiallosses and operation voltage.After this small introdution, Fig. 5.3 an be replotted in more bene�iary way forthe purpose of the eletro-optial design of the devies. In Fig. 5.5, the plasmoni lossesis now plotted as a funtion of the EOT and not the physial thikness of the insulator.In this ase, we observe that for onstant EOT (onstant operation voltage) the lossindued by the Al2O3 is higher than the one of SiO2. This results from the inreasedthikness of the insulator, thanks to the use of high-k dieletris, thereby inreasing theoptial losses.
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Figure 5.5 � Plasmoni losses as a funtion of the gate oxide thikness for tsi=160 nmMoreover the Si-WG thikness also a�ets the optial losses of the MISM region. Itwas found that by inreasing the SiWG thikness the optial losses are redued. This isdue to the fat that by inreasing the Si-WG we deon�ne the mode and therefore the94



intensity of the �eld inside the metal beomes lower whih an be translated to loweroptial loss. Therefore the higher the SiWG thikness the lower the optial losses. In thisstudy, sine the objetive it was to work with single mode operation, we hoose the Sithikness as 160 nm whih is the limit of single mode operation (after this thikness thedevie behave as a multimode).

Figure 5.6 � Plasmoni losses as a funtion of the SiWG thiknessBased on the analysis made above, the propagation loss of the fundamental plasmonimode is alulated for di�erent Si thikness and EOT in order to identify the set ofparameters (EOT,tsi) for ahieving an optimize struture operates at low voltage (orlower EOT) and low optial loss ompared to the ase of SiO2. Fig. 9.13 shows theinteresting range of EOT and thikness of Si (tsi) for having higher propagation length95



by using high-k dieletris suh as Al2O3 and HFO2. In the following graphs we plotthe perentage hanges in propagation length ompared to SiO2 (A) as funtion of EOTand tsi. The quantity A is de�ne using the following equation : A = (propagation length(Al2O3 or HFO2)- propagation length (SiO2))/ propagation length (SiO2). This equationshows that when the quantity A is positive it means that the propagation length induedby high-k dieletris is higher ompared to the ase of using SiO2 (see equation 2).Therefore for A>0 it is interesting to use high-k dieletris for lower optial losses.For low operation voltage it is interesting to work with EOT thikness varying from1 nm<EOT<10 nm. At this range, and for tSi= 160 nm, using Al2O3 and HfO2 as ahigh-k insulator provides no gain in propagation loss of the fundamental plasmoni modeompared to the ase of using SiO2 of the same EOT. The same study was performedfor a MISI stak and the results are presented in the Appendix 8.In onlusion, by using high-k dieletris and for onstant operation voltage (or EOT)there is no gain in the absorption loss of targeted MISM stak ompared to the ase thatwe use SiO2 as an insulator. However, when the physial thikness is �xed (and not theEOT), by using high-k dieletris (Al2O3 and HfO2) we signi�antly redue both theoptial absorption loss (Fig. 5.3) and the operation voltage (see Eq. 5.3).5.3 Eletrial reliable high-k gate staksAs high-k dieletris an be interesting to lower the optial propagation loss as well asthe operation voltage of our devie, we deided to experimental validate the use of high-kdieletris for appliation to MOS plasmonis modulator. To this aim, we fabriate MOSapaitor with Al2O3 and HfO2 high-k dieletris (available with industrial proess in ourlean room) with Cu gate eletrodes (previously demonstrated as highly promising forplasmoni appliations). Indeed, these strutures allow us to make a �rst evaluation of theCu/high-k eletrial reliability for future appliations to the MOS plasmostor. Hereafter,we present the experimental eletrial studies that were performed at the mentionedstrutures. 96
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Figure 5.7 � Perentage gain in propagation loss (%) ompared to the SiO2 as a funtionof EOT and Si thikness when (a) Al2O3 or (b) HFO2 are used.
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In order to validate the eletrial reliability of the high-k staks, we fabriated oppergate MOS apaitors on p-type silion wafers on 200 mm silion wafers on the Letifabriation line. MOS apaitane was designed and fabriated by a damasene patterningtehnique of the gate metal eletrode with the same way desribed in hapter 3 (Fig.5.8(a), (b), ()). After that steps, atomi layer deposition (ALD) was used in order to
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Figure 5.8 � Fabriation proess of high-k MOS apaitors using standard CMOS teh-nology.fabriate 6 nm of Al2O3 and HFO2 in two di�erent samples (Fig. 5.8(a)). A thermaloxide of 2 nm is then deposited on the silion wafers by heating at 720 ◦C (5.8(b)).The stoihiometri Si3 N4 layer (3 nm) is then deposited over the oxide via low pressurehemial vapour deposition (LPCVD) at a temperature of 625 ◦C. The latter is used as adi�usion barrier of opper (hapter 3). The role of the 2 nm HTO is to protet the high-kdieletris from the hemial interation of the deposition atmosphere used during CVDSi3N4. A opper layer is then deposited with the same way as in hapter 3. The �nalstruture is depited in the Fig. 5.8(). We reall that all the apaitors are temperaturestressed at 450 ◦C.Capaitane-voltage measurements were performed (details for experimental set upin hapter 2), for di�erent staks (desribed in Table 5.1) on a surfae of 10000 µm2.The C-V experimental urves were niely �tted aordingly to the simulation tool usedin this thesis, namely "Le simulateur" (desribed in setion 2). Therefore an aurate98



Gate stak Si3N4(3nm)/ Si3N4(3nm)/ Si3N4(4nm)/ SiO2(10nm)HTO(2nm)/ HTO(2nm)/ SiO2(10nm) (ref 2)Al2O3(6nm) HfO2(6nm) (ref 1)EOT(nm) 6.5 5.5 11.7 10C(−3.5MV/cm) (mF/m2) 5 5.9 2.8 3.3Table 5.1 � EOT of di�erent gate staks investigated in this thesis extrated from C-Vmeasurements with the orresponding aumulation apaitane at -3MV/m.extration of the EOT was ahieved. The results are summarized in Table 5.1. It isfound, as expeted, that by introduing high-k materials in the gate stak we an ahievehigher aumulation apaitane ompared to the SiO2 (thikness of 10 nm) gate stak.We note that the omparison were done at the same oxide �eld. These results showingthe interest of high-k dieletris for low operation voltage for devies design for plasmoniappliation (e.g. by using Cu as eletrode).As it is already disussed in hapter 3, using opper as a metal eletrode may impatthe reliability of the investigated MOS apaitane due to the di�usion of Cu ions insidethe ative region of MOS apaitor. We onsequently showed that the Si3N4 layer usedto improve the reliability of SiO2 insulator MOS stak in hapter 3 an be used in asimilar way for high-k. Fig. 5.9 shows Weibul sale plot of the high-k staks with andwithout Si3N4 as a barrier. We observe that devies without any Si3N4 as a barriershows extrinsi break down behaviour with early failure observed for more than the 70%of barrierless devies for an applied oxide �eld smaller than 1MV/m. On the other handby using high-k with Si3N4 as a barrier we observe that more than 95% of the devieshave a break down voltage of -12 V without any extrinsi behaviour. As in hapter 3, weattribute this behaviour to the less Cu onentration inside the ative region of the MOSapaitor whih is a onsequene of di�usion barrier e�et introdued by thin Si3N4.Our results showing that high-k dieletris without any di�usion barrier an not bean eletrial reliable MOS struture, in ontrast to earlier �ndings. For example, Majum-der et al. [107℄ demonstrates that ALD deposited ultrathin 1 and 2 nm-thiknesses of99
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Figure 5.9 � Break down �eld harateristis for high-k insulator staks with and withoutthe insertion of thin Si3N4 as abarrierHFO2 and Al2O3, are apable of limiting the opper di�usion. In this researh study, thee�et of HFO2 and Al2O3 based di�usion barrier has been studied using two harateri-zation tehniques. The �rst tehnique was a lassial four-point probe for sheet resistanemeasurements. This probe was used to measure sheet resistane of staks ontaining adi�usion barrier layer as a funtion of annealing temperature. The seond tehnique wasan X-ray di�ration (XRD) analysis whih was arried out to identify phase formations ofompounds ontaining Cu and Si atoms in annealed staks ontaining a di�usion barrierlayer. The use of XRD analysis allowed the detetion of Cu3Si ompound formation. Thisompound requires the presene of a signi�ant Cu atom onentration in a silion layer.Aording to this study, XRD analysis an qualitatively detet the annealing temperatureof the mehanial failure of the barrier �lm. Likewise, the four-point probe measurements100



are appreiable only in the presene of signi�ant Cu atom di�usion in a silion layer. Ge-nerally, these two haraterization tehniques detet Cu atoms penetration in the silionlayer with typially a ratio greater than 0.1%. Therefore, these results ould be availableto realize di�usion barriers for interonnetions in ultra-large sale integrated iruits,but probably would not be a valid riterion to test and perform e�etive di�usion barriersin a MOS apaitor stak. Indeed, the onstraint in terms of impurity onentration ismore drasti for staks used in a MOS apaitor struture (eletrial failure mode) thanfor an interonnetion (metallurgial failure mode).In onlusion, at the beginning we demonstrate the interest of high-k dieletris forreduing the insertion loss and the operation voltage of the integrated plasmostor. Thisresult was the driving fore in order to fabriate and experimental demonstrate an ele-trial reliable high-k MOS stak, onsistent with the demands of CMOS tehnology. Theaforementioned results is promising for the next generation of the integrated plasmostor.5.4 Theoretial investigation of the eletro-optial responseThis setion deals with the theoretial study of the eletro-optial behaviour of theintegrated plasMOStor desribed in hapter 3. Fig 5.1 shows the shemati ross setion ofthe investigated modulator through the diretion of light propagation. As the input lightreahes the ative region, it ouples to the plasmoni mode supported by the struturewhih is modulated by the voltage-indued optial index hange of Si (∆nSi in blak inFig. 5.1) through the aumulated harge arriers.We �rst begin with the optial investigation of our devie in the ative operationmode (voltage on). The problem here, is to aurately estimate the voltage-indued op-tial index hange of Si whih, in turn, a�et the optial properties of the supportedmode (e�etive index and mode loss). Based on a detailed literature survey of previousworks, it is noted that these index hanges either were predited using the Soref [108℄ orDrude [109℄ model. On lose omparison of the foresaid models, a di�erene in salingof refrative index and absorption oe�ient is observed. Fig. 5.10 presents the refra-101



tive index and absorption oe�ient hanges varied as a funtion of indued eletronand hole onentration (estimated with the eletrial model desribed below) for theaforementioned models.
��� ���

Figure 5.10 � (a) Refrative index hange extrated from Soref and Drude model ; (b)Absorption oe�ient hange extrated from Soref and Drude model at 1.55 µmThe Drude model parameters are hosen as mh=0.39m0, me=0.26m0 µe= 1000 m2V/sand µh= 500 m2V/s (the values are taken from [68℄). As far as the hange in refrativeindex is onerned, there exists a math between the two models with regard to variationin eletron onentration. In the ase of low free hole onentration however, there isan order of di�erene in magnitude for the refrative indies predited by the two mo-dels. Furthermore, it is seen that while the Drude model predits same refrative indexhanges due to free eletrons and holes, the Soref model likewise predits more hangesin index due to free holes. Also with regard to the optial absorption oe�ients, theDrude model predits higher hanges ompared to the Soref model. In the following, theSoref model is used as it is a valid formula whih is widely used and demonstrated in thestandard Si photonis [110℄.With regard to the eletrial operation, the parameters that we are interesting fora MOS modulator are the amount of arriers onentration in aumulation regime as102
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whih is near zero at the insulator-silion interfae beause of the high energy barrier ofthe insulator. On the other hand, the lassial method (analysis based on Poissonâ��sequation and Fermi-Dira funtion) predits maximum harge density at the interfae ofSi/Insulator. Finally, the quantum model shows 1.5 times less maximum arrier intensityompared to that of lassial model. Considering the eletro-optial behaviour of theintegrated plasMOStor (our work), we note that the aurate estimation of index hangelose to the Si/insulator interfae is ritial. This is beause at this interfae the overlapbetween the optial power and the voltage-indued optial index hanges is maximumand therefore sensitive to small index hanges. Therefore, in this thesis the quantummehanial model was used as it is the most aurate approah espeially for the regionlose to the interfae.
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Figure 5.12 � Carrier onentration in aumulation onditions for di�erent appliedvoltagesFig. 5.12 shows the simulated eletron density as a funtion of the distane from theinterfae for various applied voltages using the quantum approah, after �tting with the104



experimental C-V measurements whih are shown in the next setion (Fig. 5.16(a)). Itan be seen that the free arriers in the aumulation layer are loalized in a thin regionthat is about 4 nm. This spread is slightly depends on the applied voltage ; higher biasfores the arrier to be loser to the interfae [68℄.Based on the previous analysis and with the help of the eletro-optial simulation tools(desribed in hapter 2), we investigate the properties of our modulator. The objetiveat that point, is to lassify our modulator as either eletro-refrative (the priniple ofoperation is based on the hanges of the real part of the refrative index) or eletro-absorptive (the priniple of operation is based on the hanges of the imaginary part ofthe of the refrative index).Considering the experimental results presented in the hapter 4, we will onsider asituation of single mode operation ; only the fundamental plasmoni mode is supported bythe integrated plasmostor MISM stak. Based on that, the only way to onsider eletro-refration (ER) is to assume that we have a lossy Fabry-Perot avity. We hek thisassumption with the help of 3D FDTD simulation, by performing two di�erent numerialexperiments in an asymmetri devie (Fig. 5.1) with extended gate metal of Lc= 0.7 µm.In the �rst one, we alulate the indued modulation depth (MD) at di�erent LMISMlengths by onsidering both eletro-refration and eletro-absorption e�et. The MD, inthis ase, is de�ned as (Poff -Pon)/Poff where Poff and Pon are the transmission powerin the "o�" and "on" state respetively at 1.55 µm. The aumulated layer in the "onstate" ( Vg= 3 V) was modelled as a 3 di�erent layers with the �rst layer adjaent to theSiO2-Si interfae and the others stik below to eah other. The thikness t, the arrieronentration N and the optial index for eah layer were taken as : (t1, N1, n1)= (0.5 nm,2.1 × 1018/m3, 3.477+0.0013i) ; (t2, N2, n2)= (2 nm, 1.36 × 1019/m3, 3.468+0.0059i) ;(t3, N3, n3)= (0.5 nm, 7.1 × 1018/m3, 3.473+0.0031i). The length of this layers washosen to over all the ative region Lacc= 2Lc+LMISM (see Fig. 5.1), assuming thatthe Si(p-type)/TiN juntion is ohmi ontat and the eletrial loss in the Si (p-type)substrate are negligible. We hek this assumption by performing 1D alulations usingSILVACO. The investigated struture is presented in the onset of Fig. 5.13. We note105



that the alulation are done for an ideal MOS stak, means that the stak is free frominterfae, mobile and oxide harge. The Si thikness was �xed at 160 nm. Furthermore,the work funtion of Cu and TiN is taken as WCu=4.55 eV [111℄ and WT iN=4.6 eV(mid-gap metal [112℄). Fig 5.13 shows the alulated apaitane at di�erent d bias foran Ohmi and Shottky bak ontat. We found that the maximum variation between themeasured apaitanes is less than 6% (observed at the inversion regime). It is thereforereasonable to use the bak ontat as an Ohmi.

Figure 5.13 � Capaitane voltage harateristis for an Ohmi and Shottky bakontatIn another numerial experiment we onsider the EA as the only e�et whih de�nesthe modulation depth of our devie. In this ase, the MD is de�ned with the following
106



simple mathematial relation [113℄ :
MD = 1− exp(−∆a× L) (5.5)where ∆a=aon-aoff , and aon and aoff refers to the optial absorption oe�ient in the"on" and "o�" state respetively and L is the length of the devie. It is worth mentioningthat, sine ∆a<<1 (of the order of 3.48 ×10−4 dB), the Eq. 5.5 an be aproximate as

MD = ∆a× L.Fig. 9.14(a) shows the results of the MD as a funtion of the LMISM length for thenumerial experiments desribed above. This data was plotted with a linear �t and theslope of this �t gives the modulation depth per µm whih was alulated to be 0.03487
± 0.005 %/µm. We found that the modulation depth estimated by Eq. 5.5 follows thesame trend as the FDTD data suggesting that the dominant mehanism whih leads ourdevie to an inreased modulation as a funtion of its length, is the eletro-absorptione�et. Furthermore an additional o�set of 0.0161% was observed between the FDTDdata and the Eq. 5.5. This is may be attributed to the additional modulation induedby the extended length of the metal (Lc). We hek that by using the Eq. 5.5 withoptial absorption oe�ients (at "on" and "o�" state) of the MISI setion (see Fig. 5.1)estimated by mode analysis. For a devie length of 2Lc= 1.4 µm we found a modulationdepth value of 0.0166 whih is onsistent with observed o�set.Fig. 5.15 shows the theoretial results of the DC modulation depth at di�erent ope-ration modes of the MOS apaitor (aumulation, depletion, inversion) for a voltagerange from -5V to 5V. The results are obtained by onsidering only EA e�et (Eq. 5.5).The absorption oe�ient of the modes was alulated by the mode solver desribedin hapter 2. The investigated struture onsist of �ve layer Cu/Si3N4(3 nm)/SiO2 (10nm)/TiN (5 nm)/Cu (like the fabriated MISM stak). The analysis were perform at1.55 µm.It is observed that the depletion mode indue less modulation (10 times lower) om-pared to the inversion and the aumulation operation mode. This is due to the higheroverlap of the aumulated or inverted harge layer with the optial power. Further-107



Figure 5.14 � (a) Modulation depth estimated by 3D FDTD simulations ; (b) Modeanalysis of the on state for the fundamental modes supported by MISI and MISM setionmore, the amount of harge in these two modes is muh larger than that of the depletionmode whih means higher eletro-optial hanges whih �nally leads to higher modu-lation depth. Hene, both aumulation and inversion are the most e�ient operationmodes for modulating light in the plasmoni MOS stak. However, for high bandwidthappliations the inversion operation mode it is not well suited due to the inability of theminority harge to follow the eletrial signal [68℄.Considering the EA e�et as the only mehanism of light modulation, we found amaximum modulations depth as low as 0.6% whih orresponds to maximum appliedvoltage (i.e. at -5V) and for the longer devie (7 µm). The reason of this poor eletro-optial behaviour is attributed to both single mode operation and the low eletro-optialinteration of light with harge arriers in silion. The extrated value of the MD (indB/µm) for our MOS plasmoni modulator was ompared with the one of waveguide-based MOS modulator [114, 115℄. We found that in our devie the MD is 1.5 × 10−3dB/µm whih 10 times larger than the one observed in [114, 115℄. This is due to the fatthat a higher fration of the power is overlapped with the aumulated layer whih leads108
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Figure 5.15 � Theoretial investigation of the DC modulation depth for di�erent opera-tion modes of the MOS apaitor (aumulation, depletion, inversion).to higher eletro-opti e�et. While this result is promising for further reduing the sizeof the devie, it is lear that, the plasmoni modulator (whih investigated in this thesis)do not have a pratial future beause they indue high optial loss, 2.6 dB/µm, whih is1000 times larger than the one investigated in [114, 115℄. For example in order to ahievea modulation depth of 3 dB we have to use a 2000 µm devie length whih in turn leadsto an optial loss of 5200 dB. These results illustrate the di�ult trade o� to be madebetween optial loss and modulation depth in plasmoni modulators.
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5.5 Eletrial haraterizationThe eletrial behaviour of the fabriated plasmoni modulator (see hapter 3) hasbeen investigated by means of apaitane-voltage (C-V), ondutane-Voltage (G-V)and d leakage urrent-voltage (I-V) measurements.We start the experimental investigation of the integrated plasMOStor by performingapaitane-voltage measurement at 100 kHz. The experimental set-up used for measu-ring suh small apaitane is already disussed in hapter 2. Fig.5.16(a) shows a typialC-V measurement of our devie. As the �gure dislose, three MOS operation mode areobserved, namely aumulation (Vg < −1.7V ), depletion (−1.7V < Vg < 1.5V ), anddeep depletion (Vg > 1.5V ). The inversion layer is not observe due to the inapaity ofharge to follow the applied a signal. The latter is a an experimental demonstrationwhih reveals that the inversion operation mode is not relevant for high speed operation.Moreover, a numerial �t of the experiments was performed, aordingly to the modeldesribed in setion 2, in order to determine the fundamental parameters whih harate-rise the gate oxide layer in an MOS apaitors suh as equivalent oxide thikness (EOT)and �at band voltage (Vfb). Table 5.2 summarize the extrated values. The aumulatedapaitane is also estimated to be as 2,7 fF/µm.Another parameter whih an estimated from the C-V measurements is the eletrialpower onsumption per transferred information (bit). This an be alulated using therelation 1
2CV

2, where C is the devie apaitane of the MOS apaitor and V is theapplied voltage. Assuming an applied voltage of -3V and an aumulated apaitane of2.7 fF.µm−2 the eletrial energy onsumption was found 24 fJ.µm−2.bit. Consideringthat the surfae of the fabriated plasmostor is varying between 0.25 µm2 to 5 µm2,the energy onsumption will varying also from 6 fJ (for the lower surfae) to 120 fJ.These values are muh lower ompared to that of the existing optial modulators (seetable hapter 1), ful�lling the energy onsumption riteria of CMOS tehnology whihis smaller than 100 fJ/bit [116℄. Finally, Fig. 5.16(b) shows the d leakage urrent mea-surement for the integrated plasmostor for voltages varying from -11V to 11V. For the110
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Figure 5.16 � (a) Capaitane-voltage harateristi for the integrated plasmostor ;(b)DC leakage urrent at di�erent voltagesGate stak Integrated plasMOStorEOT (nm) 11.8Vfb (V) -1.7Table 5.2 � EOT and Vfb of the integrated plasMOStorvoltage range -10V to 10V the leakage urrent is as low as few fF for 2 µm2 (or equi-valent less than 10−8A/m2) whih is a typial value for a non leaky apaitors [117℄.Furthermore, by omparing the leakage urrent density of our devie with the one of theMOS plasmoni modulator reently published by Zhu et. al [54℄ (104A/m2) we observemore than 12 order of magnitude lower value in our devie for the same applied oxide�eld (approximately -10 MV/m).Fig. 5.17 shows a plot of the oxide apaitane (at -5V) as a funtion of the thedevie surfae area. Along with the experimental data, a theoretial line with a slopeorresponding to EOT= 11.7 nm is also presented. This value of the EOT orrespondsto the measured one from the C-V measurements. For devie surfaes larger than 2.5
µm2, it is observed that the experimental oxide apaitane is diretly proportional tothe surfae area of the devie (Eg. 5.3) and follows the expeted theoretial line. For very111
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m
= 108Ω, whereGm and Cm are the measured ondutane and apaitane respetevely. The origin ofthis high resistane is still under investigation.112
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In order to draw a omparison between the simulations and experiments we replotthe Fig. 9.14 along with the experimental data (Fig. 5.19(b)). The experiments wereperformed for di�erent devie lengths and for onstant voltage of Vg=-3 V. By linear �tthe experimental data we extrat the slope whih orresponds to the modulation depthper µm and was estimated to be 0.038 ± 0.008 %/µm. This value is 10% higher withrespet to the simulated one (extrated above). The observed disrepany ould be dueto the di�erene in both harge density and harge pro�le of aumulated arrier used insimulations and the experiments.Finally, in order to hek the ability of our devie to modulate light at high frequenywe perform small signal transient measurement. In this experiment, by applying a dvoltage (varying from -5V to 5V) we polarize the MOS apaitor in order to have di�erentoperating modes (aumulation, depletion, inversion). Along with this d voltage a smallsignal voltage is also applied (Vm= 40 mV with its frequeny varying from 100 kHz to 2MHz). The measured quantity was the modulated light intensity at di�erent d voltageand di�erent frequeny. Below we will desribe this small signal harateristis for theaumulation operation mode.In the aumulation onditions the total measured apaitane (Ctotal) is equal to theoxide apaitane Cox of the MOS apaitor. The latter is expeted to be independentfrom the operation frequeny [68℄. For example if we use the estimated oxide apaitaneCox= 2.4 fF/µm2 (Fig. 5.16) with a load resistane of R=50 Ω we expet a time onstant(RC) of 100 fs/µm demonstrating the ability of this devie to operate at high frequeny.However, on analysing experimental results (Fig. 9.15) we observe a frequeny dependenebehaviour at aumulation ondition. The latter is attributed to the high resistane ofour devie (alutated as shown above, Rs= 108Ω). For example, if we onsider devieapaitane of few fF, the operation speed of our devie was estimated to be few MHz.A few µm plasmoni modulator is experimentally investigated. Devies show leakageurrent below 10 fA through the opper eletrodes based MOS apaitane. The aumu-lation apaitane was found to sale with the surfae of the devie with a slope whihis onsistent with the equivalent oxide thikness (EOT= 11.2 nm) of our modulator.114



Based on the apaitane and ondutanes at aumulation onditions we estimate aseries resistane of 10 108Ω limiting our devie to operate at low frequeny (few MHz).A low modulation (MD=0.038 ± 0.008 %/µm) showing apaitive behaviour is experi-mentally demonstrated. This results are in agreement with simulations onsidering theSoref formula for prediting the voltage-indued optial index hanges in silion. Further-more it was proved with experiments that the modulation in our devie is mainly due toeletro-absorption e�et. Finally, low energy onsumption suh as 6 fJ was demonstrated.5.7 ConlusionAt the beginning of this hapter, we demonstrate (theoretially) that by using high-kdieletris we are able to redue the optial loss of the devie while keeping the operationvoltage onstant. After that, we experimental demonstrate an eletrial reliable high-kstak thanks to the use of thin Si3N4 as a di�usion barrier of opper.Finally, the theoretial and experimental eletro-optial behaviour of our devie wasinvestigated. Eletro-optial tools for the understanding plasmoni �eld e�et modulatorswere developed. Our modulators having apaitive signature and operates based on theeletro-absorption e�et. The single plasmon mode operation with ombination of thelow Si eletro-optial e�et results to low modulation depth devies. This results arein agreement with simulations when onsidering the Soref formula for prediting thevoltage-indued optial index hanges in silion.
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Figure 5.19 � (a) Experimental modulation depth measured at 1 KHz ; (b) Theoretialand experimental data of modulation depth at voltage of -3 V.116



Figure 5.20 � (a) Small signal optial response (data taken from the lok in ampli�er)as a funtion of the voltage and the frequeny
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Chapitre 6
General onlusion and perspetives

The thesis presents experimental and theoretial work, investigating the potential ofCMOS integration of plasmoni modulator.Chapter 1 is a general introdution to the work, where state of the art of Si tehnologyand Si photonis is reviewed. Optial modulators and in partiular plasmoni modulatorsbased on MOS tehnology are presented.Chapter 2 desribes the experimental and numerial methods used to investigatethe physial mehanisms underlying the operation of our opper based plasmon MOSmodulators. These methods are adapted to the spei�ations of our devie whih is theuse of opper as a metal ontat and the single miron-sale dimensions of our devies.Finally an automated and reliable method is desribed for large sale eletro-optialharaterization system.Chapter 3 desribes the design and fabriation of a CMOS ompatible MOS plasmonimodulator. Materials aspets are also extensively investigated.Entering in more details, we �rst disuss the integration issues whih fae up with thefabriation of our plasmoni modulator. We proposed a MNOS stak for appliations ineletro-optial plasmoni devies, so that a very low optial losses and reliable operationis ahieved. This objetive is met thanks to a areful hoie of materials, opper asa plasmon supporting metal and stoehiometri silion nitride as a ultrathin di�usionbarrier to the latter, and the use of fully CMOS ompatible proesses to integrate the118



MNOS plasmoni waveguide within silion photonis iruitry. Final reliability is above95% for a 3 nm thik Si3N4 layer, leakage urrent density below 10−8 A.m−2 and optiallosses as low as 0.4 dB.µm−1 for a 13 nm thik insulator barrier, in agreement with theCu ellispometri data. Furthermore, we note that the MNOS stak was fabriated usingthe same fabriation proess of the MNOS apaitane desribed in subsetion 3.2. Thedamasene tehnique appears partiularly well suited for a high quality PWG fabriationas (i) the patterning of the metal is ahieved thanks to well mastered and standardoxide/nitride ething steps, (ii) it prevents the absorbing opper oxide formation [55℄ atthe interfae where plasmon mode are propagating, and (iii) it uses a high temperatureannealing of the metal whih favors high material quality and extremely low optial lossSPP propagation. After demonstrating the MNOS as an appropriate struture for eleto-optial CMOS plasmonis, we fabriate a vertial metal-insulator-Si-metal waveguidewhere the bak metal was fabriated by �ipping and moleular bonding of the originalSOI wafer on a Si arrier wafer. The ative devie area varies from 1 to 6 µm2, 1 µmwide and length varying from 1 to 6 µm. The aforementioned development was appliedin order to realize e�ient plasmoni oupler (Chapter 4) as well as ative eletro-optialmodulator (Chapter 5).Chapter 4 presents the experimental realization of an e�ient and ompat ouplerbetween the Si waveguide (WG) and a vertial metal-insulator-silion-metal (MISM)plasmoni WG fabriated using CMOS tehnology. This oupling sheme allowing in-sertion losses as low as 2.5 dB per oupler. This value is 3 times smaller ompared tothe ase of diret oupling (without any MISI setion). The signi�ant improvement ofoupling loss is attributed to the following reasons : (a) thanks to the use of the MISI se-tion we gradually dereases the mode index, whih redues the phase mismath betweenthe Si-WG and the MISM-PWG and leads to less re�etion loss(ompared to the asewithout any MISI setion) ; (b) the proposed oupler ats as a multimode interfereneregion and therefore, working at the �rst peak of the osillating behaviour we an bene�tof an enhaned oupling. We demonstrate also that the dominant e�et of the improvedoupling is the MMI e�et. Finally a omparison between the slab and the integrated119



plasMOStor was performed, assuming that the lateral on�nement and the materialsrestrition demanded by CMOS environment preventing the devie from funtioning aswell as in the slab design.Chapter 5 presents the eletro-optial investigation of MOS plasmoni modulator.The interest of using high dieletri onstant (high-k) materials, suh as Al2O3 andHfO2, in order to ahieve an optimized MOS struture with low operation voltage andlow optial losses, is demonstrated. After that, we experimental demonstrate an eletrialreliable high-k stak thanks to the use of thin Si3N4 as a di�usion barrier of opper.Finally, the theoretial and experimental eletro-optial behaviour of our devie wasinvestigated. Eletro-optial tools for the understanding plasmoni �eld e�et modulatorswere developed. Our modulators having apaitive signature and operates based on theeletro-absorption e�et. The single plasmon mode operation with ombination of theweak eletro-optial e�et of Si, leads to low modulation depth devies.Finally, an integrated eletro-optial plasmoni modulator was demonstrated usingstandard CMOS tehnology on LETI platform. Fabriation of our modulator requires theuse of both front-end and Cu bak-end tehnologies, whih are properly ombined onlya few nanometres one from eah other. A areful hoie of materials was done, opperas a plasmon supporting metal and stoehiometri silion nitride as a di�usion barrierto the opper, in order to ahieve low optial losses and eletrial reliable operation.Furthermore, e�ient and easy fabriated plasmoni ouplers are demonstrated. Suhouplers operates at 1.55 µm with a ompat length of 0.5 µm and oupling loss of just2.5 dB per faets. The eletro-optial behaviour of the devie was also investigated indetail. Devies show leakage urrent below 10 fA through the opper eletrodes basedMOS apaitors. The aumulation apaitane (few fF) was found to sale with thesurfae of the devie, in onsistent with the expeted equivalent oxide thikness of theMOS stak of our modulator. We demonstrate low energy onsumption devies, 6 fJ perbit, thanks to the low apaitane and the low operation voltage of our devie. Finally,an eletro-absorption (EA) modulation showing apaitive behaviour was experimentallydemonstrated in agreement with simulations.120



There are several questions remaining to be answered regarding the CMOS integrationof Si based plasmoni modulators. In the following, we propose some experiments thatould give new insights and better understanding with regards to the operation of CMOSplasmoni modulator. We also propose a new onepts for plasmon based modulators.1. Metal/Si ohmi juntionThe bak ontat of the integrated plasmostor was fabriated using the Cu/TiNbarrier sheme in order to protet the Cu di�usion inside the Si. However no onsi-deration has been given to ensure the ohmi nature of TiN/Si juntion. We notethat by having ohmi ontat, we eliminate the resistane of the TiN/Si jun-tion and therefore allow devies to operate at high speed. We propose to fabriateCu/TiN/Si juntions and by varying the doping onentrations of Si (p or n type) totune the ohmi behaviour of this juntion. This an be also experimental validatedby performing resistane-voltage measurement.2. Experimental validation of the interest of using high "K" materials forlow optial loss hannel of plasmonsIn hapter 5 we experimentally demonstrate the eletrial reliability of a high-kinsulator for Cu-based MOS apaitors. Furthermore, we prove by simulations thatfor a given level of eletrial performane (i.e. EOT onstant), high-k dieletrisould be interesting for low optial loss operation (Appendix 8). However, experi-mental validation is still required. We propose to use the reipe of the tehnologydeveloped in hapter 3 in order to fabriate high-k MOS plasmoni waveguides.This would then be followed by optial transmission measurements in order tovalidate the results of simulations.3. Detail parametri study of the fabriated plasmostorFor this thesis, by using the CMOS tehnology we have fabriated several thousanddevies of di�erent geometries. By using the newly developed automati experimen-tal set up we an investigate trends that are related to the thikness of the silionas well as the thikness of the insulator. Indeed as it is already demonstrated in121



hapter 5 by reduing the oxide thikness (see Fig. 5.3) we are able to redue theoptial losses and at the same time to redue the operation voltage.
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Chapitre 7
Dispersion relation forMetal-Insulator-Silion-Substratewaveguide

Dispersion relation for a Metal-Insulator-Silion-substrate waveguide (M-I-S-Sub) isinvestigated and the results are reported in this hapter. The on�guration of the inves-tigated struture is shown in Fig 7.1.
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Figure 7.1 � Generalized shemati of the semi-infnite metal-oxide-silion-substrate wa-veguide. 123



We wish to �nd solutions whih satisfy Maxwell equations for a planar geometry.Assuming harge neutrality (ρ=0) and urrent density (J) to vanish we take the followingform for the Maxwell equation :
▽ · E = 0 (7.1)
▽ ·H = 0 (7.2)
▽× E = −∂B/∂t (7.3)
▽×H = ∂D/∂t (7.4)The type of solution that we are interesting orrespond to plane wave propagates alonga diretion parallel to the boundary surfaes separating the di�erent materials, whih isde�ne as the x diretion. With z axis normal to these surfaes we further assume that thereis no y dependene of any of the �elds. In our analysis we assume that the propagationonstant is the same in all layers and also all the materials are non magneti and sothat the magneti permeability µ has been taken equal to 1. The Maxwell equationsare supplemented under the onstraint of tangential E, H �eldâ��s ontinuity at eahboundary. Uniqueness of the results is guaranteed by Helmholtz theorem. For unpolarizedwaves in a four layer struture the eletromagneti �elds take the form :
E(x, z, t) = (Exx̂+ Ey ŷ + Ezẑ)e

i(kxx−ωt) = ReF (z)ei(kxx−ωt) (7.5)
B(x, z, t) = (Bxx̂+Byŷ +Bz ẑ)e

i(kxx−ωt) = ReF (z)ei(kxx−ωt) (7.6)with Ey, Bx, Bz identially to zero for transverse magneti (TM) polarization and Ex, Eyand By equals to zero for transverse eletri (TE) polarization. The wave travels in thepositive x diretion so that Rek > 0 and Imk < 0. The Maxwell equation determines the�eldâ��s amplitude F(z) inside eah material through ordinary di�erential equations asfollows :
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where
k2z,j = (ǫj

ω2

c2
− k2x), j = m1, ox, Si, sub (7.8)The di�erent layers are omposed of materials with omplex dieletri onstant ǫj and awave vetor kzj . The �eld omponents in eah layer may be written as :

Ez = A1e
ikm1z for z > 0 (7.9)

Ez = A2e
ikoxz +A3e

−ikoxz for z : [0,−tox] (7.10)
Ez = A4e

iksiz +A5e
−iksiz for z : [0,−tox] (7.11)

Ez = A6e
iksubz for z < 0 (7.12)Using the equation 1.7 we an estimate the tangential �elds Ex and Hy. With thesesolutions in the various media, we have six arbitrary onstants for the amplitude ofthe �elds. There are also six boundary onditions that must be satis�ed, namely, theontinuity of the tangential �elds Ex and Hy. Applying the boundary onditions we anwrite the resulting equation in the form :

G · ψ = 0 where A = (A1, A2, A3, A4, A5, A6) (7.13)The matrix G is given by :
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where tsum=tox+tSi 125



In order to get non-trivial solutions for kx, the determinant of the aforementionedmatrix G(kx) needs to be zero (det(G(kx))=0 is the equation to be solved). G matrix isdepending on the oxide thikness (tox) and the silion thikness tSi, the optial dieletrionstant of the di�erent materials ǫj and the exitation frequeny ω. Hene the solutionkxwill also depend on those parameters kx(tox, tSi, k, ǫj , ω). In the 4 layers ase onsideredhere, the analytial solutions of this equation annot be given.
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Chapitre 8
Interest of high-k dieletris forMetal-Insulator-Silion-Insulatorative plasmoni devies

Hereafter, we demonstrate that by using high-k dieletri (Al2O3 and HfO2) for aMetal-Insulator-Silion-Insulator (MISI) plasmoni waveguide, we signi�antly reduethe optial losses without a�eting the eletrial performane of a MOS apaitor (i.e bykeeping onstant the EOT). This was ahieved by arefully hoosing the orret set ofparameters suh as EOT, tsi and nature of the high-k.Following the proedure made on the hapter 5, the propagation length of the fun-damental plasmoni mode is alulated for di�erent Si thikness and EOT. The aimhere it was to identify the set of parameters (EOT,tsi) in order to ahieve an optimizestruture operates at low voltage (or lower EOT) and low optial loss ompared to thease of SiO2. Fig. 9.13 shows the interesting range of EOT and thikness of Si (tsi) forhaving higher propagation length by using high-k dieletris suh as Al2O3 and HFO2.In the following graphs we plot the "perentage hanges in propagation length omparedto SiO2" (A) as funtion of EOT and tsi. The quantity A is de�ne using the followingequation : A = (propagationlength(Al2O3orHFO2)−propagationlength(SiO2))
propagationlength(SiO2)

. This equation shows127



that when the quantity A is positive it means that the propagation length indued byhigh-k dieletris is higher ompared to the ase of using SiO2. Therefore for A>0 it isinteresting to use high-k dieletris for lower optial losses. For low operation voltage it isinteresting to work with EOT thikness varying from 1 nm<EOT>10 nm. At this range,by using Al2O3 as a high-k insulator it is observed no signi�ant gain (less than 10%)in propagation length of the fundamental plasmoni mode ompared to the ase of usingSiO2 of the same EOT. On the other hand, HfO2 is identi�ed as a promising insulatorfor ative plasmonis sine its use will inrease the propagation length up to 60% for theaforementioned range of the EOT.
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Figure 8.1 � Perentage gain in propagation length (%) ompared to the SiO2 as afuntion of EOT and Si thikness when Al2O3 or HFO2 are used.129



Chapitre 9
Résumé de THÈSE
9.1 abstratDans la réalisation de iruits intégrés hybrides életroniques - photoniques pour lesréseaux téléom, les modulateurs intégrés plasmoniques pourront jouer un r�le essentielde odage de l'information en signaux optiques. Cette thèse montre la réalisation d'uneapprohe modulateur plasmonique à e�et de hamp, intégrée en siliium en utilisantles tehnologies CMOS standards. Ce modulateur MOS plasmonique présente diversespropriétés intéressantes, à savoir un on�nement optique fort, permettant une augmenta-tion de l'interation lumière matière. Ces modulateurs plasmoniques permettent aussi deréduire l'inadéquation entre la taille des dispositifs en photonique Si et elle de l'életro-nique, e qui permet d'envisager une onvergene de leur fabriation en tehnologie VLSIsur une même pue. Le modulateur étudié dans e mémoire repose sur l'aumulation deporteurs dans un ondensateur MOS à grille uivre intégré dans un guide d'onde en sili-ium, néessitant aux tehnologies front end et bak end Cu d'être ombinés de quelquesnanomètres l'une de l'autre. Nous présentons aussi de nouveaux designs pour injeter dela lumière à partir de guide d'onde SOI dans un guide à nanostruture plasmonique etles mesures d'une modulation életro-optique dans les strutures MOS plasmoniques.Mots-Clefs : tehnologie CMOS, plasmonique, photonique siliium1



9.2 IntrodutionLe hapitre 1 est une introdution générale au travail, où l'état de l'art de la tehno-logie et de la photonique siliium est examiné. Les modulateurs optiques et en partiulierdes modulateurs plasmoniques basés sur la tehnologie MOS sont présentés. la tehno-logie siliium est onsidérée omme la plate-forme idéale pour fusionner la photoniqueave l'életronique à faible oût, à haut rendement. Dans ette plate-forme la réalisa-tion de iruits photonique-életronique est fortement dépendante de la disponibilité demodulateurs optique à base Si qui utilisent l'interation du signal életrique et optique.Les interonnexions optiques sont onsidérées omme la voie la plus prometteuse et in-novante pour remplaer le bus de données életronique et résoudre ainsi le problème deonsommation et de bande passante des interonnexions. Dans e shéma prototype d'in-teronnexion, l'information transmise d'un point à un autre utilise des photons plut�tque des életrons et des �ls de uivre, ave un transfert de données qui devrait être del'ordre de 50 gigabits par seonde et une onsommation d'énergie largement inférieure à1µJ/bit [18℄. La perée d'une tehnologie basée sur la lumière néessite un ertain nombrede blos de base tels que des lasers, des guides d'ondes optiques, des modulateurs et desphotodéteteurs. La photonique sur siliium permet de faire fae à e dé� en inventantdes omposants optiques de haute performane. La photonique sur siliium fait référeneà la tehnologie qui développe des omposants optiques haute performane à base de Sien prenant avantage des tehniques et des matériaux ompatibles CMOS utilisés dansle domaines de la miro-életronique. En tirant parti de ela ainsi que du développe-ment de la tehnologie siliium sur isolant (SOI), nous sommes maintenant en mesurede transférer les onnaissanes et la tehnologie de l'életronique à base siliium a�n defabriquer des omposants optiques ompats et à faibles oût rendant ainsi possible ledéveloppement des iruits photoniques intégrés à base de siliium.La onstrution de e système néessite des omposants élémentaires optiques tels quelasers, modulateurs, guides d'ondes optiques et photo-déteteurs pouvant être intégréssur un wafer de siliium. Au ours des dernières années la plupart des e�orts ont été2



Figure 9.1 � Les omposants de base des iruits intégrés optiques [2℄dirigés vers des dispositifs photoniques atifs tels que les lasers, les photodéteteurs etles modulateurs. Les questions ruiales portant sur es éléments pour les appliationsintra-pues sont la onsommation d'énergie et la surfae du dispositif. Les modulateurssont des dispositifs qui transforment un signal optique ontinu provenant de la sourelaser en un train d'impulsion disrète de lumière. La meilleure façon de réaliser unemodulation de lumière est d'allumer et éteindre la soure optique très rapidement (10GHz) en modulant le ourant d'injetion (modulation direte). Cependant, ette approheimplique des hangements onstants de la température e qui onduit à une perturbationde la longueur d'onde de fontionnement e qui, à son tour, entraîne une distorsion desdonnées optiques. En revanhe une modulation externe o�re l'avantage de transfert dedonnées élevé (10 - 40 GHz) ainsi qu'une stabilisation de la longueur d'onde. Dans eshéma, la soure optique est de passer en mode ontinu et le travail modulateur externetel que l'obturateur sur l'arrêt de la lumière ontinue. Par onséquent les modulateursoptiques externes devraient être l'élément lé pour pousser à la hausse des largeurs debande et á la faible onsommation d'énergie pour le transfert de données.Deux prinipaux méanismes sont utilisés pour atteindre la modulation de la lumière,à savoir l'életro-absorption et l'életro-réfration. Le premier module l'amplitude de lapuissane transmise et le dernier hange la phase de l'onde. Les modulateurs à base3



de siliium ont gagné beauoup d'attention, ave plusieurs appareils rapportés ave desperformanes élevées. Ces dispositifs reposent sur l'e�et de dispersion transporteur plas-matique libre [34℄ . Comme l'e�et physique sous-jaent n'est pas fort, es e�orts ontonduit à de grandes strutures (par rapport à elle du laser et un photodéteteur) aveune forte puissane d'entraînement pour obtenir une profondeur de modulation signi�-ative. Les modulateurs sont alors les plus grands (en e qui onerne la taille) et lesplus exigeants en termes d'énergie entre les omposants optiques du iruit photoniqueintégrés. L'objetif de ette thèse est d'étudier un modulateur optique à l'aide de la plate-forme photonique Si existant au CEA LETI, et diminuant sa taille et sa onsommationd'énergie par l'utilisation de plasmons de surfae.En ombinant les propriétés de propagation des ondes optiques ave la loalisationdes ondes életroniques haute, plasmons peuvent atteindre on�nement du hamp extrê-mement large. Cette propriété de on�nement peut être exploitée a�n de développer denouveaux dispositifs optoéletroniques tels que la détetion [40℄, l'émission de lumière[41, 42℄, photodéteteurs [?℄ et modulateurs [44℄. Le on�nement du hamp des plas-mons de surfae devrait être très utile dans le ontexte de modulateurs. La sensibilitéde l'environnement en métal / diéletrique d'interfae modes PSP est bien onnue et ilest déjà utilisé pour di�érentes appliations telles que la bio-détetion et l'optiques desomposants atifs. Di�érents shémas de base de SPP-modulateurs ont été proposées etsignalé jusqu'ii. Fondamentalement, on peut identi�er trois types de modulateurs duPSP ; (i) modulateurs tout-optique spp (ii)modulateurs thermo-optique , et en�n (iii) lesmodulateurs életro-optique. Parmi les nombreux brevets et publiations dérivant lesmodulateurs optiques plasmonique, très peu ont la possibilité d'être ompatible ave lesproédés CMOS [53, 6℄. Le dispositif PlasMOStor soi-disant proposé par Dionne et al.[6℄ utilise le Si omme matière ative a�n de moduler la lumière dans un plan vertial dela on�guration Ag / SiO2 / Si / Ag .Le PlasMOStor est une on�guration interférométrique utilisé pour e�etuer unemodulation. Le dispositif utilise une struture de quatre ouhe d'Ag-oxyde-siliium-Agqui prend en harge les deux modes photoniques et plasmonique . Dans e dispositif4



Figure 9.2 � plasMOStor intégré sur plateforme SOIéletro-optique, la modulation est réalisée par le hangement de l'indie d'une ouhedopée n de siliium au moyen d'aumulation de harges dans une struture MOS. Unetelle variation de l'indie est à l'origine de la disparition d'un mode hybride photoniqueexité à une fréquene prohe de sa oupure. La perturbation du battement réée parl'interférene du mode photonique et un mode plasmonique rée une modulation du signaloptique transmis à une profondeur dans la plage de 3 à 4 dB dans un dispositif de 2,6 µmde long. Pour intégrer e modulateur sur la plate-forme CMOS du Leti, nous pro�tonsdes atouts majeurs de la tehnologie de la miroéletronique et de la photonique Si , àsavoir la maturité et la faible perte à long terme de iruits optiques (développé pour laphotonique CMOS) et la tehnologie de fabriation bien onnu des métaux (développépour la miroéletronique) pour les deux appareils életroniques (életrodes) et les butsde la photonique (onentration életromagnétique). La preuve expérimentale d'une telleapprohe apporterait un nouveau paradigme dans la oneption de modulateurs életro-optiques. La Fig. 9.2 montre shématiquement le plasMOStor intégré onstitué de siliiumsur isolant (SOI) guide d'ondes intégré ave un guide d'onde plasmon MOS (plasMOStor).
5



9.3 Méthodes expérimentales et numériquesDans e hapitre, nous aborderons les méthodes de aratérisation életrique et op-tique qui sont utilisées pour étudier les méanismes physiques sous-jaents au fontion-nement de notre modulateur MOS á base de plasmons sur uivre . L'utilisation du uivrepour les életrodes de ontat est un élément important de ette étude. D'un point de vueplasmonique, la faible résistivité életrique DC de uivre peut onduire à une perte de pro-pagation faible. Cependant, sans l'utilisation d'une ouhe d'interfae métal-diéletrique,pendant le reuit, le uivre peut rapidement se di�user dans les ouhes diéletriques[56℄, dégradant sensiblement les performanes du dispositif.A�n de aratériser életriquement l'empilement MOS et en partiulier l'e�et de di�u-sion du uivre et de la performane d'une barrière de di�usion entre les ouhes, un largeéventail de tehniques életriques ont été utilisés (apaité-tension (CV), ondutane-tension (GV) et réponse á une fontion rampe linéaire (Linear Ramp Voltage Stress,LRVS)). La réponse apaitive CV peux donner un aperçu sur les paramètres lés telsque l'épaisseur équivalente de SiO2 du diéletrique (EOT) et la tension de bande plateVfb . L'extration de es paramètres est essentiel dans ette thèse a�n d'estimer le hampde laquage à travers l'isolant. De plus, par l'estimation de la V fb nous pouvons extrairedes informations sur les défauts à l'intérieur de l'isolateur. En�n, les mesures CV peutdonner à la onentration de porteurs pour une large plage de tensions. L'extrationde ette quantité peut être utilisé pour la préision életro-optiques des simulations. Laméthode standard de la ondutane GV développé par Niollian et al. [7℄ a été utilisépour étudier les états d'interfae életriquement atifs á l'interfae SiO2 / Si. En�n, lehamp de laquage maximal de l'isolant a été estimée en utilisant la ontrainte de ten-sion linéaire de rampe (LRVS). Cette tehnique est largement utilisée pour étudier laqualité de l'isolant. L'intérêt de l'expériene LRVS est d'être très rapide et de fournir desinformations intrinsèque ainsi qu'extrinsèque sur le omportement de laquage de notredispositif [58℄ .La ompréhension du omportement életrique de nos dispositifs MOS a été améliorée6



grâe à l'utilisation de simulations numériques obtenus en utilisant soit SILVACO, un lo-giiel ommerial, ou ode interne Â«Le simulateur" [57℄. Un programme de simulation,"Le simulateur", est développé au LETI [67℄ pour modéliser la distribution de harge àl'intérieur du siliium en tenant ompte des e�ets de la méanique quantique. Le ompor-tement életrique d'un ondensateur MOS est modélisé aussi á l'aide d'un dispositif desimulation en deux dimensions à partir du pakage ATLAS de SILVACO. L'intér�ªt del'utilisation du logiiel est d'extraire le pro�l de la distribution et la densité de porteursà l'intérieur du siliium. Il est à noter que l'extration préise de es paramètres est es-sentielle pare qu'elle sert �nalement á dé�nir la fore de l'interation életro-optique quiest en relation ave l'exéution életro-optique du dispositif (profondeur de modulation).Après la aratérisation életrique, des mesures optiques ont été e�etués. Les résul-tats des mesures de transmission expérimentale ont été interprétés en onjontion avela FDTD 3D, des simulations et des méthodes analytiques développées spéi�quementpour ette étude, a�n de omprendre le omportement optique des dispositifs. Puisquenous nous intéressons à aluler les modes optiques au régime de oupure, une solutionanalytique sera plus préise par rapport à elles numériques. Par onséquent, un solveurde mode analytique optique est développé et est expliqué.

Figure 9.3 � Image du montage de mesure de la modulation.En�n, nous dérivons un système �able automatisé à grande éhelle du système dearatérisation életro-optique qui a été développé pour tester les propriétés optiques7



de transmission, aratéristiques ourant-tension et la profondeur de modulation induiteéletriquement pour un grand nombre de dispositifs. Ce système a été spéi�quementadapté pour les mesures de dispositifs à l'éhelle du miromètre. Les mesures de trans-mission optique à travers nos dispositifs ont été réalisées en utilisant des diodes életro-luminesentes (LED) ou un laser omme soure optique de longueur d'onde entrée sur1550 nm. La puissane de sortie a été ouplée en polarisation TM dans les guides d'ondesphotoniques à travers des oupleurs réseau en utilisant une �bre monomode. Une stationautomatique Karl Suss wafer level a été utilisé pour mesurer les éhantillons sur le wafer.Une méthodologie pour l'extration automatisée et �able de la profondeur de modula-tion, de transmission optique et ourant de fuite sous polarisation appliquée a été misen oeuvre pour le test au niveau du wafer. Le dispositif expérimental a été onçu pourmesurer la modulation de largeur de bande de notre modulateur optique. Un laser aor-dable, et un dispositif d'émission de lumière (LED) sont tous deux utilisés pour exiterle dispositif par une soure optique ontinue. Les soures optiques sont interfaés ave les�bres monomodes. La puissane de sortie est reueilli par des �bres multimodes et trans-formé en énergie életrique par une photodiode à grande vitesse. L'alignement des �bresa été réalisé sur un guide d'onde de référene pour maximiser la transmission optique.En�n le signal de sortie est ensuite mesurée en utilisant soit un ompteur de puissanequand la mesure de transmission optique est e�etué ou une détetion synhrone lorsquela profondeur de modulation est estimée.9.4 Integration CMOS d'un modulateur plasmonique MOSLe hapitre 3 du manusrit dérit la oneption et la fabriation d'un modulateurMOS ompatible CMOS plasmonique. Les aspets des matériaux sont également large-ment étudiés.Dans e hapitre, nous étudions les aspets matériels et les étapes tehnologiquesnéessaires pour réaliser un plasMOStor intégré [10℄ dans l'environnement CMOS. Laoneption atuelle du plasMOStor plan [10℄ s'appuie sur une on�guration de ouplage8



Figure 9.4 � Experimental set up used for measuring the bandwidth of the devie (up to200 MHz)vertiale, toutefois, des dispositifs ave un ouplage dans le plan du guide d'ondes ontété réalisés, omme étant plus prohe de l'intégration VLSI au LETI. En outre, dans leplasMOStor, de l'argent est utilisé omme une életrode métallique, qui est ontaminantdans l'environnement CMOS. Il n'y a pas non plus de onsidérations relatives à la ouheinterfaiale qui est d'une importane partiulière pour les appareils de haute �abilité.Dans e qui suit, nous étudions à la fois le hoix du métal et la ouhe interfaiale entermes de ompatibilité CMOS à faible perte optique et életriques pour un grand nombrede dispositifs.Il a été démontré réemment [55℄ que les pertes optiques de plasmon se propageantà la surfae des ouhes Cu préparés dans les fonderies CMOS sont faibles et en aordave les résultats d'éllipsométrie. A partir de ette simple omparaison, nous onluonsque le uivre est le meilleur hoix pour les appareils plasmoniques en termes de pertesoptiques. Il est également tehnologiquement pertinent, tout omme Al a été progressi-vement remplaé par Cu dans nos jours dans les interonnexions életriques [75℄ . Cu estdon le métal le plus prometteur pour l'intégration de dispositifs de plasmon dans un9



environnement CMOS, et sera onsidéré i-dessous omme une métallisation du guided'ondes MOS. Cependant, ave le hoix de Cu omme életrode en métal, nous devonsêtre prudents sur le hoix de la ouhe interfaiale entre le uivre et l'isolant ou semion-duteur. Dans la setion suivante, nous montrons l'utilisation de ouhes mines Si3N4omme une barrière e�ae pour bloquer la di�usion du uivre et à faible perte optique.Nous faisons la promotion d'un métal hybride de l'empliment nitrure-oxyde-siliium(MNOS) pour dispositifs atifs CMOS plasmonique. Cet empilement de siliium forte-ment dopé omme un métal a déjà été largement étudié dans la miroéletronique pourles transistors à haute �abilité et à des éhelles très agressives [83℄. Toutefois, la �abi-lité de ette empilement par exemple n'a jamais été étudiée lorsque Cu est le métal degrille, tel que requis pour les dispositifs CMOS plasmonique. Nous démontrons expéri-mentalement qu'une ouhe ultra�ne de Si3N4 (3 nm) stoehiométrique peut satisfaireaux exigenes i-dessus omme barrière de di�usion dans les dispositifs MOS à base op-toéletronique utilisant des plasmons et de fournir des performanes de haute �abilité.Le Cuivre agit essentiellement su la �abilité de la apaité MOS. Les ondensateurs MOSprésentent les aratéristiques de laquage életrostatique extrinsèques , ave un ompor-tement de ourt iruit préoe (E < 1 MV.m-1) se produisant pour 40% des dispositifs.A l'inverse, 95% de ondensateurs MNOS inluant un mine nitrure stoehiométriquesupplémentaire Si3N4 ont un hamp de laquage supérieure à 10 MV.cm−1, sans auunsigne de omportement extrinsèque. Le omportement extrinsèque du laquage est sou-vent assoiée à des défauts pontuels à l'intérieur de l'isolateur [58℄ , qui dans notre aspeuvent provenir de la di�usion de Cu dans l'oxyde [16, 87℄.Ces résultats ouvrent la voie vers la haute performane et faible oût de fabriationde dispositifs plasmoniques atifs au sein de fonderies CMOS. Le développement i-dessus a été appliquée a�n de réaliser e�aement un oupleur plasmonique (hapitre4) ainsi que modulateur atif életro-optique (hapitre 5). La struture du modulateurintégré plasmonique est shématisé. Le dispositif est fabriqué sur des wafer de siliium-sur isolant (SOI) ave guide d'onde SOI siégeant en tant que moyen de propagation dela lumière. La lumière polarisée TM est ouplée dans des guides d'ondes photoniques par10
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Figure 9.5 � (a) la �abilité partielle expérimentale (à l'éhelle de Weibull) du laquage ;(b) la mesure SIMS de la profondeur de pro�l de l'intensité de uivre pour des empilementsMOS et MNOSoupleurs réseau. Quand la lumière se propage à travers la région ative (plasMOStor),il ouple dans un mode plasmonique. La �gure ? ? montre une vue de dessus shématiquedu plasMOStor intégrée, ave toutes les omposantes majeures indiqué. Le plasMOStorse ompose d'un guide d'ondes métal-isolant-Si-métal où le métal de retour a été fabriquépar ollage moléulaire �ip-hip de la plaquette d'origine sur une tranhe SOI supportde Si. La zone de dispositif atif varie de 1 à 6 µm2, 1 µm de large et de longueur variantde 1 µm à 6 µm.9.5 Couplage e�ae de la lumière d'un guide siliium versle plasMOStor intégréLe guide d'ondes MISM hybride plasmonique (PWG) est d'un intérêt partiulier pourla plasmonique atifs CMOS, ar il permet la propagation des modes très on�nés dansla région de l'isolant [10℄ et peut potentiellement être intégrées dans les fonderies del'életronique à base de Si (hapitre 3). Cependant, es strutures plasmoniques sou�rentà la fois de perte en mode importante (en raison de la génération de fort hamp életrique)11
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���E�E��AFigure 9.7 � Shéma vue de dessus du modulateur intégré plasmonique (a) ave oupetransverse à des plans di�érents ; et (b) setion transversale dans la diretion de propa-gation ()setion transversale dans la diretion perpendiulaire.oupleurs diretionnels.Le hapitre 4 présente la réalisation expérimentale d'un oupleur e�ae et ompatentre le guide Si (GT) et un empilement vertial métal-isolant-siliium-métal (MISM)plasmonique fabriqué en utilisant la tehnologie CMOS. Le oupleur est onstitué demétal-isolant-siliium-isolant (MISI) la struture qui a été insérée entre les deux guidesd'ondes mentionnés i-dessus. Le prinipe de fontionnement des oupleurs proposéesest régi par les e�ets d'interférene multimode. En outre, la setion MISI diminue pro-gressivement l'indie de mode, e qui réduit le déalage de phase entre le Si-GT et leMISM-PWG et onduit à moins de di�usion et de perte par ré�exion (par rapport auas sans modi�ation de setion MISI). Nous démontrons que es oupleurs fontionne13



(a) (b)

(c)

Gate 
contact

contact
Back

0.5
μm

1 μm

MOS back 

contact

Si‐WG

160 nm

MOS gate

contact

SiO2 

MOS back 
contact

MOS gate
contact

Si‐WG

(d)

Figure 9.8 � (a) Shéma et (b) setion transversale MEB de la struture �nale ; () Vuede dessus de wafer de 200 mm, inluant plus de 30000 dispositifs ; (d) vision binoulairesupérieure d'un dispositif en indiquant les éléments importants ;à 1,55 µm et la géométrie de plus grande e�aité orrespond à une longueur ompatede 0,5 mu m ave des pertes de ouplage de seulement 2,5 dB par faettes. Cette valeurest 3 fois plus petite par rapport au as de ouplage diret (sans la setion MISI). Lastruture entière est fabriquée en utilisant un proédé CMOS ompatible disponible auCEA-LETI. Des aluls FDTD-3D sont également exploités dans le but de simuler nosoupleurs plasmoniques. Les résultats expérimentaux et de simulation sont en aord,illustrant que la géométrie de plus haute e�aité orrespond à un oupleur ompatde 0,5 µ m de longueur ayant une perte de ouplage de seulement 2,5 dB par oupleur(valeur expérimentale). Les pertes d'insertion expérimentale et théorique sont omparéespour des longueurs de ouplage di�érents, Lc. A l'instar des mesures expérimentales, laperte d'insertion théorique a été déterminée à partir de simulations FDTD. A partir des14
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Figure 9.9 � (a) Shéma de guide d'ondes hybride plasmonique montrant la struturede ouplage (MISI) reliant le guide d'onde SOI et MISM. (b) l'image SEM de la setiontransversale de la struture MISM. () images MEB des oupleurs en vue de dessusdispositifs fabriqués, nous onstatons qu'une longueur de ouplage optimal de 0,5 µmen une perte d'insertion de 2,5 dB. En fontion de Lc, la perte d'insertion mesurée suitla même tendane que les valeurs alulées, ave un déalage d'environ 1 dB pour lesdispositifs fabriqués que nous attribuons à la perte de propagation supplémentaire au-sée prinipalement par des interfaes métal-diéletriques imparfaites dans le régions deouplage MISI.
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Figure 9.11 � Mesure de l'atténuation expérimentale en fontion de la longueur MISM(L MISM) pour les longueurs de ouplage di�érents : (a) symmetri (Lc= 0 µm), (b)Lc=0.3 µm; () Lc=0.5 µm; (d) Lc=0.7 µm.l'isolateur de grille agit non seulement en tant que guide d'ondes plasmons mais aussiomme un isolant életrique de la grille de ontat. De plus, par rapport à des propriétéséletriques, un modulateur MOS plasmonique est un dispositif apaitif lorsque la tensionde fontionnement dépend à la fois l'épaisseur et la onstante diéletrique de l'isolateur,et l'EOT de la MOS. L'impat de l'épaisseur et de l'indie optique di�érent des ouhesisolantes sur les pertes optiques a été étudié pour la plasmonique MOS guide d'ondes avel'aide du mode solveur dérit dans le hapitre 2. Ce guide d'ondes est onstitué d'une17



Figure 9.12 � (a) vue en oupe de la struture reherhée dans la diretion de propaga-tion ; (b) l'intensité du hamp (b) par l'intermédiaire du dispositif de trou (diretion x) àpartir d'un moniteur plaé dans l'isolant de grille de l'empilement () intensité de puis-sane dans la diretion de propagation (Px), dans des setions transversales di�érentesde l'empilement MISI (X= 0.1 µm, X= 0.5 µm, X= 0.9 µm, X= 2 µm).à quatre ouhes Cu-Isolant-Si-substrat de guide d'ondes. L'épaisseur de l'isolant (tins)varie de 3 nm à 40 nm. Un autre paramètre qui a�ete les pertes optiques du dispositif estl'épaisseur de Si-GT. Il a été onstaté que grâe à un réglage orret de l'épaisseur SiWGnous pouvons réduire enore plus la perte optique du mode fondamental plasmonique.En�n, le omportement théorique et expérimentale életro-optique de notre dispositifa été étudiée. Des outils életro-optiques pour la ompréhension plasmoniques du modula-teurs à e�et de hamp ont été développés. En e qui onerne le fontionnement életrique,les paramètres intéressants pour un modulateur MOS sont le taux de la onentrationdes porteurs dans le régime d'aumulation ainsi que la distribution spatiale de es por-teurs à l'intérieur du siliium. L'objetif à e moment-là est de lasser notre modulateuren életro-réfration (le prinipe de fontionnement est basé sur les hangements de lapartie réelle de l'indie de réfration) ou en életro-absorption (le prinipe de fontionne-ment est basé sur les hangements de la la partie imaginaire de l'indie de réfration de18
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Figure 9.13 � Pourentage de gain en longueur de propagation (%) par rapport à la SiO2en fontion de l'EOT et l'épaisseur de Si lorsque Al2O3 ou HFO2 sont utilisés. Pourune tension de fontionnement faible, il est intéressant de travailler ave une épaisseurvariant de 1 EOT nm < EOT < 10 nm. A ette distane, en utilisant Al2O3 omme unegrande "K" isolant, il est observé auun gain signi�atif (moins de 10 %) en longueur depropagation du mode fondamental plasmonique par rapport au as de l'utilisation de SiO2de l'EOT même. D'autre part, HfO2 est identi�é omme un isolant prometteur pour laplasmonique atifs depuis son utilisation va augmenter la longueur de propagation jusqu'à60 % pour la plage préitée de l'EOT. 19



l'indie). Nous allons onsidérer une situation de fontionnement en mode unique, seul lemode fondamental plasmonique est pris en harge par la empilement plasmostor intégré.Sur ette base, la seule façon d'envisager l'ER est de supposer que nous avons une pertede Fabry-Pérot. Nous véri�ons ette hypothèse à l'aide de simulation FDTD-3D de lazone par deux di�érentes expérienes numériques dans un dispositif asymétrique ave dumétal de grille étendue de L c = 0,7 mu m . nous avons montré que l'EE est le seul e�etqui dé�nit la profondeur de modulation de notre dispositif.

Figure 9.14 � (a) Taux de modulation estimée par des simulations FDTD 3D, l'analysedu mode (b) de l'état sur les modes fondamentaux soutenus par l'artile MISI et MISMNos modulateurs ont une signature apaitive et fontionnent sur la base de l'e�etéletro-absorption. La modulation de e mode de plasmon unique sous l'e�et des pro-priétés életro-optiques limités du Si onduisent à un dispositif à faible profondeur demodulation.
20



Figure 9.15 � Réponse optique de petites signaux en fontion de la tension appliquée etde la fréquene
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