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Abstract. This PhD thesis is @/oted to the formation of Ge nanogstals
enmbedded in amnsulating natrix (Si0,) for nontvolatile memoryappications.
Ge nanogrstals preent advatagesin camparison with Si neoaystals,related
with their tetter charge etertion. Theirgrowth ina 2-D layer within a thin SiQ
layer in orderto fabricate thebasic stucture ofa nanocgystal memorycell was
investigatedn detail. The secod innovaton of this thesis is thiatroductionof
lateral arderingin the 2-Dlayer of Ge nanocystals, whichshows important
advanages for the contol of ther size ad position. Tle ordered Ge
nanocystals were faricated vith electron beam lithograghand selectig
growth in small windows irthe SiQ layer. The sanple strudure was studiel
with transnission electon microscopy, while dedrical chaaderization was
used for the investigation of charging phenomena. A Geoaongstal non-
volatile memoy cell with promisng charaderistics was febricated ad tested.

Keywords: quantum dots, nowelatle memories, Germamm, nanocystals,
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1 Introduction

This PhD hesis ealswith the investigation of Ge nanocrystal nemories [1,2].
The floating gate cocep drives tke nan-volatile memory tecinology for more thana
decade Flash technalgy [3-5] serves #ectively today’s non-volatilememory
requirenents, but ashe requirenents growtowards faser, nore relialbe andhigher
memory capacity implementations, flash tecology fails to follow these
requiremerts. The catinuous mimaturization of devicessets a sere limitation to
flashdevicesrelated to the wunreling oxide thickness,which camot be scakd cwn
below 6-7nm [6]. One proposal to overcome the scalig down limtation is the
replacenent of the continuous poly-silicon flthag gate of the flash cells with a 2-D
discretenanocrystal layer [7,8 The introduction of nanociystals P] as the charge
storage medium pernits the use of hinner unrel oxides. Ths implementtion
however ses several issuies hat have b beaddessé, sud asnanoaystal fabricaion
matters lile size, énsity, uniformity and material campatibility with CMOS
processesid interpretation of charging, discharging and retention phenomena.
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Within this PhD tlesis, twoissies were adessedn nanocrystal memories. The
first isswe is the introduction of lateral a@dering in the twodimensiona layer d
narocrystals enbedded wthin the gae dielectric of a MOSFET memory cel. The
fabricaion of ordera arays of nanoaystals seves he realizaion of a memory cel
with uniform characteristicssince all critial characteristics sth as size, niformity
and density are contolled with high predsion. The seond isue deals with the
replacenent of the genally usal Si hanocystals by Ge nanogstals in the floating
gate of the MOSFET. Ingeneral, the use of Ge nanocrystak in a Stbasednon-vdatile
memory technobgy [10,11] is beleved to increasethe reention time of the
nanocrystal menory [12]. The increase of té retertion time resuts from the band
offsetthatis introduced betveen Siand Geand seves as a adlitional erergy barier
to carrierdegecially holes)m ther pathfrom the naoaystals to theSi substrate.

2 Experimental resuts and discussion

2.1 Electron beamlithography

For the fabricaion d ordered Ge ats, electon beamlithogrgohy was used. h
order b produwce paterns with arrays of holes, it was recessaryto find aproces
which would provde the optimum resdution. For the ogimization of the lithographic
process a extesive lithographic pgormance study of PNMA took place. This study
addressedissies like nolecdar weight (MW) of PMMA [13] pdymers and
devebpment schenes in order to find aproper proces for the fabricaion d the
arrays. The sudy was peformed by conbining contrast curve pasurements, in-sit
dissoltion sudies (DRM) [14] ard charaterizaion of high relution lithogaphic
resuts using sa@nning electron mcroscey (SEM).

The resits shaved that a devebpment schene with isoproparol:water 73
(IPA:H,0) along with a 996k MW PMMA demonstates syperior lithogaphic
performance compared withthe restof development schenes stidied i.e. methyl
isobutyl keone 1:3 (MIBK:IPA 1:3) [15]. With this lithographic process, arays of
holes were ptterned on FMMA resst and dter dose and deelopment time
optimization, holes ¢ a daneter of 45m with a 10Gm pitch were opimally
producel. The doseuseal was in the range of 2-2.5fC per hole and devdopmentwas
performed in IPA:H,O 73 in an utrasanic bah for 30s In fig. 1 a Scaning Electon
Microscopy (SEM) image d the lithograpfic petternis illustrated
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Fig. 1 SEM micrograph of wlered arays of holesin PMMA. In (a) tke pitch was 125nm and
in (b) 150nm.

2.2 Ordered Ge dotsfabricati on

Forthe fabricaion of adered Ge namoaystals, electron bean lithogrgphy was usd
for the realizatio of a tesic pettern which consistedof arrays 6 hdes patteradin a
70nm thick PMMA reskt layer. With the arays of holesserving & the bast patern,
severaldifferent processesvere depbyed in order to fabricake arrayg of ordered Ge
nanocrystals as illstratedin the process fow charts of fig. 2. One gal was to
examne howGe ca be gitaxialy grownon confined Si surfacegnuckation sites).
Nucleation sites werefabricatedby transérring the patern of hoks arrag from
PMMA to the SiG, layer by etchingThe SiQ layer was3.5nmthick and wasgrown
thermally (dry oxidation of Si at 850°C for 8min) on S substates. The seécive
growth of Ge wasnvestigated in plain SIO, windows a in V-groowvesin Si [16,17].
V-grooves were fabricated by anisotropic etching of Si, with the paternal SiO,
sewving as a maskFa the dot growth, aLow Presasre Chemical Vapor Dgosition
(LPCVD) sysem wasused.
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Fig. 2. Processlbw chat for the fabrication ofordered @ nan@rystals. @) In V-grooves, (b)
and (c)in plainwindows in SiQ and (¢ with lift-off.



The resuts shav that the growth of Ge depads an window size (e fig. 3)
[16,17]. If the window size is saller than 270rmm, one dat per window is dtained,
othewise for larger window areas wéiave nore than ame dot perwindow. With sud
a processt was possibled obtain araysof Gedats or SiGe hetero-eptaxial dauble
dots which all followed the initial pattern (plain Si window or V-grave). While this
approach poduced \ery good resuts regarding uniformity ard growth control, the
isolation d the Ge dts directly grown onthe Si subsate was prowe a diffic ult task
since Ge tendkto diffuse towards the interde with Si fater ttan oxygen. Islation
of Gedots wasinvestigated by oxidizing the structure
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Fig. 3. AFM images of @ islards grown in SV-grooves. In § 3 to4 dds wee grown pe V-
groove (500nmV/-groove opening). In (b) the \grooves were smaller (270nmhd one large
dot was formed per groove, witihe smaller dotteached tdt in some cass. In (c) we see an
inverted imag d a V-groow, 2Mnm large where one dot pegroove isidentified.

The production of a good quality tunnetide undernehtthe dot requires good
contol of the oxidaton. With this in mind, a [ft-off processwas developed ard
orderel Ge ats were fdricaked on a pre-faricated SiO, layer. The lithogaphic
patern of hdes arrap was ued, Ge wasdeposied on the paterned PMMA layer ard
after lift-off, ordered Ge dts m the tunneling SiO, layer were brmed. By coverirg
the sanples with SiO,, MOS caacitor structureswere fabricated ad testedby
electrical measirenents. It was shwn that positive carriers (bles) canbe injected
from the Si sibstrate tothe dds, thus ctarging the Ge layer. This effect was observe
only in the aess whee Ge bt arrays werefabricated anahot in stuctures without Ge
dots, showing that the hok trapping is related to the preseice d Ge dts as can be
seennm fig. 5.
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Fig. 4 AFM plan views andtorresponding 3-D expandeémages of arrag of Ge/Si hetero-
nanocystals gravn on arays of holes inSiO,. The lithograply pitch in (&) was150 nm while
in (b) it was 200nm. The meand size in(a) was95 nm, while in(b) it was 90nm.
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Fig. 5. (a) SEM image 6 Ge dts grown on taneling SiO, layer. (b) Camdtance-Votage
measirenentsof capdtors cortaining arrays of Ge dotsA clea hystereds effed is preent.

2.3 Gedot formati on within SiO, — Electrical characterization

The formation of randomly distributed Ge nanoaystals [1819] in a SiO, matrix
was studied by combining Ge deposition on a 35nm thick SiO, layerand cowering
with a TEOS or spiteredSiO, layer serving as the cont oxide of the structure.he
main isste was tofind a process wibh codd leadto the formation of isoated Ge
nanocrystals inSiO,. In all experiments, oxdized Sisanples wereuseal on which Ge



was apositedwithin a rang of thicknesses fron 1 to 2.3nm. For the deposition, three
different techriqueswere usal: Molecubr Beam Epitaxy (MBE), e-gun evgoration
ard sputtering In MBE sanples, insitu annealig wasperformed after Ge dpasition
in order b form Ge nanorystals. In te rest of techngues, rapd thermal anneahg
processesfookplace afte thecontol SiO, layerwas deposited

Structural characterizéion of the faricaed samles was pdormed by
Trarsnisson Electon Microsopy (TEM) both in cross seébn and plan view
imagng. Information atout the effect of the titkness ofthe neterial deposited and
thermel anneag proceseson the Ge dots layer formation wasdeduce from these
experiments. The corditions that were studied for bath initial Ge thickness and
thermal anneding did not lead © a cka evidence of sepaatt Ge nanoaystal
formation as can be seén fig. 6. The dosened das were rathr anorphous in that
case.lt was dear though Hat the formation of Ge ranocrystals isrelated to the
thickness d the intial deposited Ge film ard thermal amealing ambiert ard
temperature

Fig. 6. Cross setional TEM image ofthe Gelayer within SiO,

Electrical characterizatioaof both MOS caacitorsand transistors (emory cells)
was performed, in order to study the behaior of the structures rgading memory
effects. INMBE sanples (1nmGe) a larg pasitive shft (~3V) indcating electron
injectionfrom the sibstrate tathe Ge layer was aened Nevertheless, dscharge of
the stricture was dficult. This was attribtedto the fact that electrons @y a large
density d deep traps inthe enegy gap. In the case be-gun eapaation, where 2.3m
of Ge were initialy deposited, better resuts wereobtained and a waking memory
cell was sucessfully fdricated. e cell could perform write-erasecycles, as in
normal operaton of a memory cel and wth pulsesof +8V for 1s, a130mV memory
window wasobtainedas ca be seainfig. 7.
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Fig. 7. Drain-Saurce current vs Gate-Source bias ahacteristicof a Ge nancorystal memoy
cel after charging with 8V, lswrite-erase puses .

3 Conclusion

With this PhD tlesis tke tecmology of fabricaing arays of ordered ard uniform
Ge naoaystals within the gde dielectic of a MOSFET br use h nanocrystal non
volatile memories was developed. The tgp-down techique of electron beam
lithography wa used, ombined with succesive process sips for Ge datgrowth by
UHV-LPCVD. It was shownhat the nurher of dots grown inside each Si®indow
depends onthe size 6 the window ard belov 270m one dat per window canbe
grown. MOS gructures wih ordered Gedoats within SiO, were also faricated and
tested electrically. Fomation mechanisms of Ge nanocrystals witln SiO, were
addressed A Ge nanocrystal memory cell with promising characteristics was
devebpd.
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