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ABSTRACT

This paper examines various aspects of pbhaeage memory studied on bridge cell structures. Although phase
change memory promises higheged, CMOS compatibility, Systeam-a-Chip (SoC) compatibility, high endurance,

and nonvolatility, its high operating current remains a formidable challenge for-statd memory applications. To
reduce this current, several approaches have been proptissicbf these improved structures rely on the reduction of

the contact area between the bottom electrode contact and thechphage material, and thus require difficult sub
lithographic processes to reduce the contact size between the electrode phdstohange material. A phase
change bridge structure relieves the reliance odigwgraphic processes and provides a fast path to rapid scaling. In
this structure, a horizontal bridge of phatenge material connects two flat electrodes, so thatrtsssectional

area is defined by the film thickness and the width of the bridge. Although the width of the bridge structure must be
defined by lithography, a nearly identical process has long been used for CMOS gate patterning with good control of
the aitical dimension. Consequently, we have fabricated bridge devices witfsuitth crosssectional area of 60rfm
with RESET currents < 100 ¢ A, chahgememoy.t rating the scal

In addition to the advantages of small operating current, the bridge device also provides a platform for investigating
different materials and their scalability. Basedtbis structure, several research groups have studied the switching
characteristics of doped and undoped;sSks and doped SbTe, as well as,STes-based material. We will
examine the characteristics of the bridge cell when different giteseye mateais are used.

Finally, since the bridge cell is a very delicate structure with minimum dimensions of only 3nm x 20nm, accurate
testing by itself is a challenge. We will report a robust testing algorithm as well as testing results for various cells.
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1. INTRODUCTION

Phasechange solid-state memories havedemonstratedhe possibility for high speed, So@ompatibility, non
volatility, scalabilityand high endurander vertical structures I-3]. Although verticatype device occupy asmaller
unit size and hae been investigated extensively, latetygde structurewave alsdeenintroduced to investigate some
key features of PhasdhangeMemory (PCM)such as new materials, crystallization behavior, and scaliTg. |&
lateral line structurgvas first introduced tanvestigae the properties of doped ShTanveyingthe potential fossuch
a lateralphasechange memory [4]. A later&ridge structurewas used to investigate the crystallizatioehaviorof
the Ge,;ShTe; (GST) material withdifferentinitial conditions[7]. It was found that asleposied materialexhibited
a longercrystallizationincubation time and slowesrystallizaion speedcompared taneltquenched phasehange
material [7]. The bridge structuress alsoused to investigate the scaling properties of doped GeSb matesidting
in operational cedl with very small crossectional area [6]. Figure 1 presents tiv® most investigated lateral
structures for PCM devices, the line structure and the bridge structure. In the line structure, tobatgesenaterial
is deposited on monplanarsurface due tothe stepheight of theunderlying metaklectrode. In conast, the bridge



structure provides a flat surfaf@r depositon ofthe phasehange material. Although the bridge structinreolvesa
CMP (chemical mechanicablarizatior) processtep the flathess makes the structure a very gaddclefor studes
of scaling and new materglin addition, the electrthermal effectvasinvestigated with the bridge structygg.
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Fig. 1. Schematic drawingsf two lateraltype phasehange memory devicructure, including(a) theline structure
[4] and (b)thebridge structure.

In this paper, weeviewthe phasehange bridge structure, including the fabrmaprocedure, the potentiareas of
investigaton, and the limitations of the structure. Thehievements of our scaling studies seeiewed and then
studies where the phashange bridge structure was ugednvestigate different materialsicluding doped SbTe
GeSb, and doped G&b,Tes;, are discussed.Finally, we discussthe testing system for thdevice A flexible and
accurate testing system fequired to obtain reliable and accuratata. Weintroduce a new feedbacicontrol
algorithmto eliminate thepulse distortion,and obtain a flexible and highly controllable testing systsrabling
advancel investigationof thephasechange bridgas wellas other phasehange memorgevices.

2. EXPERIMENTS

Figure 2 illustrates the process flow to fabricate bridge devicEse two bottom electrodes were made by a TiN
damascene process. The narrowdliSiO, between the two electrodesis madepossibleby a trimming processA
ScanningElectron Microscope (SEMpicture after the TiN electrod@bricationprocess is shown in Fig. 2(b). The
narrow oxide gap can miccessfullydefined usinga KrF (248nm) based lithgraphicprocess. TiNwas chosen for
the electrods becauseof its thermal stability its compatibilitywith CMOS processs, and its inertness next to the
phasechange material during repeated switching cycldgaithin (down to 3nm)phasechange materialvas then
deposited on the wafer. Aoxide with a thickness ob-10 nm wasthen adéd to encapsulatehe phasehange
materialandprevent oxidationThe bridgefeaturewas therlithographically definedFor advancedevices, electron
beam lithography wassed; exposing silicorroxide-based negate photoresist fopatterning that ieft asa hard
maskfor subsequent processingn milling wasused to transfer the photoregisttern into the phasehange layer.
Cheng et al. evaluated the etching process for pttaege material (&Sb,Tes) andfound that the Cl based etch
generate, under many circumstances, undesirgdamusfilm surfaces[8]. Although bn-milling is not a standard
semiconductomanufacturing processt can reduce thelamagingeffects of etchinglmmediatelyafter the ion-
milling processa5-nmthick layer of siliconoxide was then depositéd situ on the wafer to protethe phasehange
material fromoxidation. The plane view SENh Fig. 2(c) shows the bridge device after the etching and the
encapsulation processes. Tieaf stepwasdeposition ofa thick silicon oxide for protecting the device and wiring.
The TransmissionElectron Microscope (TEM)picture shown in Fig. 2(d) is an examptd a bridge cellafter a
RESET operation.

The devicesveretested with custormadetesters ranging fromsystens that ould provideonly single square pulses
to highresolution testing systesywith variable pulse profile and complex testing sequenced.esting will be
discussed irsection3.3 below.
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Fig. 2. (a)Process fiw for fabricatinga phasechangebridgedevice, (b) crossectional SEM of TiNelectrodes after
CMP @0Onmgapbetween the two electrode$d) plane view SEM after step 2@nmbridge width), (d) TEM picture
of a device after testing{m thickdoped &Sh,Tes).

3. RESULTS & DISCUSSION
3.1 Scaling Studies on Doped GeSbh

To study the scaling linst of phasehange technologydoped GeShwvas chosen as the phasleange material.
Although GeSb is not a typical chalcogenide phasEnge material, ivas fourd that it formsa continwusflat film
and possesses phadwngeproperties for films as thin a$.3 nm [9]. Before making devise basic material
properties were measured on blanket filfigure3 showsresults oftheresistivity vs. temperature measonents R-
T curves of thin films of doped GeSb andezsb,Tes.
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The crystallization temperature of doped GeSb is much higher than that@&8®Tes sample. The low resistance
state of doped GeSb is lesmnsitiveto temperature than that oegsh,Tes. These results indicate that doped GeSb is
agoodcandidate for phasghange memory.

Doped GeSb bridge deviesvere then made by thé&abricaton procedurentroduced in theprevioussection. The
length of the deviceranged from 40nm to 500 nmwith film thicknesses of eithe3nm or 10 nm [6]. By using
electrontbeam lithography, the width of tlievicerangedfrom 20 nm to 200 nm. Themallestcrosssectional areaf

a functional devicevas only 60 nrh Thecurrent vs. voltagel{V) curve isanimportant experiment foidentifying
operation feasibility of the devices. Tienap a cckavacteristiof the FV curve above the threshold voltage eesu
the power densitgufficient forRESET (melting and quenchingj the deviceat low applied voltagesThe apparent
thresholdvoltage also helps separdlhe operation windows for read and write. Thé ¢urve of a doped GeSb device
with snapback is shn in Fig. 4.The low thresholdvoltageof about 1V corresponding to a threshold field B£0.2
MV/cm, is also an advantage fbuilding advanced devices.
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Fig.4. A typical currentvoltage characteristid-V curve) for a phasechangebridge device wh a film thickness of
H=3nm,a width ofW=50nm, anda length ofL.=50nm[6].
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Fig. 5. RESET currentof dopedGeSb phasehange bridge devicess. the crosssectional eea defined by the
lithographic bridge width W and the ulttiain film thickness H [6].

Theexperimentally measurestaling of the RESET current is shoasmdotdn Fig. 5 and compared to predictions of
numerical simulations (lines) [6] The RESET current decreases as the esesonal area decreas@sis result
indicates that we can reckithe RESET current ligducingthe film thickness, the width, or both. A hollow dot in the
figure shows théowest measureBRESET currentobtainedwith adevice with dength of 80 nmA longerlengthcan
reduce the current because the heat is confiettdr when théhermallyconductingelectrodes aréurtheraway from



the heating zone&imilarly, the RESET currendf short phasehange bridgesan be further reducday increasing the
thermal resistance of the electrodes. Measurements on-giesge bdge devices wittthin (5 nm) electrodesf
TaN rather than TiN showed a 40% improvement, mainly duenfmroving the thermal environmeiiround the
bridge [9]. In addition to the programming current, the programming speed ofidpedGeSb devices vas
investigatedindicaing that boththe RESET and SET operatiscould be performed with pulseshorterthan 100 ns.
With proper refinement, the RESET/SET speed can be reduced tf180ns

Anotherimportantspecification of soliestate memory is the cyclingnduranceFigure 6 showgndurance ofmore
than 10,000SET-RESET cycles. Even though the device is highly scaled, this redtdady meets the lowest
requirement for a NOR Flashemory With further improvements on the material and the structurencuranceof
more than 100,000 cycles can be expected.

Thesestudies on dope@eSbrevealthatthe phasehange bridgstructureis an excellent vehiclior scaling stuiks
The thickness ahethin film canbe scaledn a welltcontrolledmannerandthe flatness of the bottom electrode plays
animportantrole for impkementingultra thin films and providinga goodplatform for further lithographgteps
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Fig. 6. Cycling endurance test of a dopgdShphasechangebridge devicd6].
3.2 New materiab

Beyondthe scaling studyof Ref. [6] the phasechangebridge device also providesehicle for exploring new
materials such as undope@eSb.Devices with a width of 40nm and thickness of 30nm wsttelied Repeated
RESET/SET testgould beperformed Fig. 7) with 10 ns pulses, indicating the possibility tdtra-high speed
operation.

The research group from NXP also dd®idge device to investigate the Thomson effd&]. Theyfound that the
carries in the phasehange material (doped SbTe) gaarsignificant portion othe heatshifting the heating profile
of the deviceand producing asymmetriteating and crystallization profge]5]. With careful design of the bridge
geometrythey were able to redutee RESET current by about 10% [5].

In addtion to growth-dominatedmaterias such as doped GeSb, GeSb, and SbTe, we are@sested in nucleatien
dominated materials such as,;GkTes. A dopedGe,ShTe; phasechanged bridgdevicewas also made by the same
fabrication technique described incBen 2 The thickness 0GeShTes was 5nm the bridge width ranged from
20nm to 50nmand he length rangd from 40 nm to 500 nnt-or these devices, the néasterwe describe in Section
3.3 was developed, in order to allabitrary waveformsind detaédinvestigation of the devices.
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Fig. 7. SET-RESET cycling of undope@eSbphasechange memory devices.

Phasechange bridgeealices with doped &Sh,Tes were evaluated withlifferenttypes of pulsesihile short RESET
pulses can still be used with ¢leationrdominated materials (Fig. 8(a)), significantly longer SET pulses are required.
Square and trapezoid type pulseere used in this casg-ig. 8(b), (c)). The square pulsesvg a uniform heating
conditionwith accurate timeontrol, so thatve canusethemto evaluate the SET speed of the device. The trapazoid
pulsewas usedfor better control of the final resistance [12]. The devizese programmed to high resistance state
(~10 Mohm) before every SET test and thesreSET by different pulses. itth square pulses, theegsh,Tes devices
required pulses ddibout 700 ns to SET the deviteR~100 IOhm. With trapezoidl pulsesthe SET time ould be
reduced to about 100 n&s shown in Ref. [12]the profileof the programming pulseslearly plays animportant role

in the final SETresistancef the devices.
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Fig. 8. Current and voltage traces of @RESET pulse, (b square SET pulse, and @}rapezoid SET pulse. (d)
Resistance of the device after SET pulses withabigpulse widtls.



