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ABSTRACT

Phase-Change Memory (PCM) has been introduceckiiNgim-Volatile Memory (NVM) arena as the most preing
candidate to replace existing technology, e.g.HFtaemory. The fantastic scaling capability of thask technology
has delayed the introduction in the market of ti@MPtechnology, although the progresses so-far tmeen all
positive, in terms of cell size, process complexigrformances, reliability. The technology is atdeprovide high
density product demonstrators at 90nm, with cek s the order of 8Fand unique specification. In particular we
propose originaluTrench-based cell architecture for PCM, with lowgmamming current and good dimensional
control of the sub-lithographic features, whictoallus to extend the technology to scaled nodeadhdne of the key
points for the future road-map of NVM is the scdlgbof the technology, either the established on¢he emerging.
PCM shows the capability to scale and it is possiblforecast cell architecture well beyond thengx technology
node.
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1. INTRODUCTION

Flash memories have been able to scale for morelthgears, boosting the recent impressive groftheoportable
equipment market and becoming the mainstream N\d¥Wirtelogy. Projecting into the next decade, thotlgére are
several fundamental limitations that must be solieegush the floating-gate concept beyond the 3gwhnology
node. The increasing complexity of floating gatelisg leaves room for the investigation of alteivetNVM
concepts that promise better scalability, impropedormances, and competitive cost with Flash. F€khe of the
most promising candidates for next-generation NVilsljing the potentiality to improve the performaoenpared to
Flash - random access time, fast read throughpitg throughput, direct write, bit granularity, amdnce - as well as
to be scalable in the deca-nanometer range [1].

Despite the high potential of the PCM concept dreldood integration results so far achieved [A8ine practical
challenges must still be addressed. In particldage efforts are being dedicated to the integnatiba compact PCM
cell structure with the chalcogenide compound,dbieve a full compatibility with an advanced CMG£hnology
and to reduce the programming current without digtathe appealing features of the PCM technol@gveral
approaches have been so far proposed to achieveegat/currents [4-7], none of them being compjetatisfactory
from the point of view of sustainable process caxijty and controllable program current. The soechlhteral cell
approach has demonstrated currents as low as 2Q@]ubBut its integration in multi-megabit arrayashnot yet been
proven. Nitrogen doping [5] is another effectivehmique to reduce the programming current, but thighdrawback
to largely increase the set resistance, thus diegydide capability for a fast random read out &f ¢lell status. The in-
line memory cell [6,7] with the self-heating contgpomises enhanced performance in terms of pramiag
currents (less than 100 pA), but the reported tesuk not well understood and its potentialityhé stage cannot be
clearly assessed. The so called Lance archite¢@ g with its compact and vertical integratiomquires larger
programming currents and gives larger spreadsnfpased withuTrench using the technological constraints [2]: it
could become viable only when modified into the gRippe heater [8], with additional process complesiwhich
require dielectrics with very good gap-filling pemties and compatibility with heater material.

Among these alternatives, the pTrench PCM cellitecture represents a well-tempered fusion oftedl appealing
features of the PCM technology, having been dematest to simultaneously achieve low programmingents,
small cell size, good dimensional control, and prowmulti-megabit manufacturability [2,9]. Moreovéhe fine
tuning capabilities of the PCM pTrench cell andpitdentialities to obtain very low programming @nts have been
largely demonstrated, with an optimized pTrenchtbelk achieved a programming current of 400 p8Qxtm [2].

Aim of this work is to discuss the current statti®base-Change Memory, moving from the electriealits obtained
with the pTrench architecture and highlighting its strengthview of the continuous scaling of semiconductor
technology, eventually down to the 2x nm node.



2. EXPERIMENTS

Since 2001 we have been developing an original iandvative architecture for Phase-Change Memorijleaa
pTrench. The new key concept introduced in this itecture, that keeps the programming current lod ruaintains

a compact vertical integration, is the definitidrttee contact area between the heater and the @$ielintersection

of a thin vertical semi-metallic heater and a ttelfthat we call {iTrench"), in which the GST is deposited. The
resulting structure is schematically depicted ig.Ei Since thetTrench can be defined by sub-litho techniques and
the heater thickness by film deposition, the celifgrmance can be optimized by tuning the resultiogtact area,
today around 1000 rfinstill maintaining a good dimensional control.
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Fig.1. Schematic description pf'rench fabrication steps

A vertical PCM cell employing the G8hb,Tes (GST) chalcogenide alloy has been integrated antadvanced 90nm
CMOS technology (Tab.1). The PCM cell is integragettiing the basic process modules, i.e., heaterGSia,
between the FEOL and BEOL blocks (Tab.2). The P@Wage element is constituted by a variable rasigtgheater
and GST) and it needs a selector device in ordee taddressed inside a regular array. As a sel@etdiave chosen a
common-collectopnp bipolar junction transistor, which allows a fulirtical integration of the cell and gives the
small cell size required in high-density NVM. Thesulting layout of the device is extremely compwith a cell area
of 0.096pm? and it is basically limited by the selector desigtes. It is worth noting that this PCM architeetus
also fully compatible with the use of a MOSFET stde, but in this case the resulting cell sizeaigyér (20-408):
nevertheless it can be easily integrated with armim overhead of masks, thus being suitable foresidbd NVM

applications.

Lithography 90nm

Unit Cell Size 0.22 x 0.44 pm®

I solation 270nm Shallow Trench
Gate Oxide 8nm

Gate Type Dual-flavour poly & CoSi,
I nterconnects 3Cu

Tab.1. CMOS technology basic parameters
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Tab.2. Schematic process flow-chart

3.RESULTS & DISCUSSION

The scalability of the reset current has been éxmertally assessed on different technology nodéis eévices that
demonstrated the manufacturability of large arf@8]. The resulting values are reported in Figri2which we
reported also the forecasted currents for futuatesictechnology nodes, down to 22nm.
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Fig.2. Measured (red) and projected (blue) scalingset currents fqTrench PCM technology

The reset current reduction shown in Fig.2 can bmipnascribed to the increase of the heater thieresistanceRry,
with the diminishing of the contact area. As shawrFig.3, the Joule heating mainly takes placedaghe GST,
where the voltage drop is constant and close thalding voltage,\y in Fig.4 and in Fig.5).
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Fig.3. Simulation of temperature distribution dgrifCM programming
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Fig.4. Schematic |-V characteristic of a PCM steratement
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Fig.5. (a) Electrical and (b) thermal equivalemtait of a PCM storage element
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Fig.6. Basic laws for scaling of PCM programmingreat

Since the melting temperature is constantRpdincreases, the pow®, required to melt the GST goes down. From
the expression of the power injected into the tlatmot spot, it follows that a reduced currenteiguired to reach the
melting temperature. If the scaling is isotropiad @he scaling factor is equal ko> 1, Rry andR increase ak and
programming currents decrease ds(Eig.6). The previous argument holds true wheixedfgeometry and thermal
environment are considered: different cell architexs behave differently if compared at the saroertelogy node.

One of the main concerns related to the PCM tedgyotelies on the impact of the thermal cross-tadfween
adjacent bits. With the perspective to scale ddvendevice dimension, the distance between cels high-density
memory device is of the order of the minimum litheqghic pitch. If a high current pulse is appliedare cell, the
neighbor bits can reach the crystallization tempeea thus losing the stored information (Fig.7).
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Fig.7. Schematic depiction of program disturb bemvadjacent bits

Fig.8 shows the crystallization time of amorphoelscas a function of temperature, demonstratiag) 10 years data
retention is guaranteed at temperatures lower t48iC. Moreover the graph indicates that a cell wadergo 1¢
reset pulses (each 100 ns long) without causinirilido the adjacent bits if their temperature doesgo above
195°C during these pulses.
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Fig.8. Data retention measuredwfrench PCM cell

On the other hand, Fig.9 shows the resistance bfpial cell in the amorphous state as a functidnthe

program/erase cycles performed on an adjacenilbte that the high resistive state is not pertunigedo 16 cycles,

which correspond to a thermal disturb lasting ali@\it s for reset pulses of 100 ns. Fig.8 suggkatsar a retention
failure to occur after 100 s, the thermal distuhodd heat the adjacent cell at 210°C. These hdve been
compared to numerical calculations [10] of the ithedr crosstalk for a 180nm technology device. Fighows both
transient and steady state (worst case) conditidhe 10 years line corresponds to the above 11@%@. |
Considering 18 cycles as target endurance, the correspondingCLBit is easily satisfied. The results confirnath
thermal disturb is not a concern at 180nm node.
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Fig.9. (a) Schematic depiction and (b) resultsrofjpam disturb experiment on 180mMrench array
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Fig.10. Thermal crosstalk simulation between adjabés at 180nm technology node



The same numerical model has been then used tetigat the scaling potential of PCM technologyg.FL shows
the thermal cross-talk simulated for 65nm and 4%echnology obtained shrinking the 180 nm cell alyeanalyzed
in Fig.10 and without introducing optimized matégidor the thermal insulation. Even in this worsise, the
numerical results suggest a negligible thermaludistbetween adjacent bits in both transient anddststate
condition. These results can be understood anda@adeto technology nodes beyond 45nm if we notettieaheater
is playing a dual role: when active it contributesdeliver power for melting and when inactive d@nstitutes a

thermal boundary and it effectively cools its cglteventing any possible disturb of the amorphqut sluring
programming of adjacent bits.
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Fig.11. Thermal crosstalk simulations between aajabits at 65nm and 45nm technology nodes

Finally, it has to be noted that data retentiorresfet bits does not degrade with scaling [11], tuggesting that
amorphous spot is stable regardless of volume tiedudvioreover theoretical calculations [12] anchesimental

characterizations with conductive probe AFM [13jmdmstrate that two stable phases can be togglesiZes smaller
than 10nm.

4. CONCLUSION

Phase-Change Memory is demonstrating a good lelvehaturity on 90nm technology node, both in ternfs o
manufacturability and reliability. The achievedeigtation into standard CMOS platforms makes PCNhteresting
technology to become eventually a mainstream inNbe-Volatile Memory market. Data collected at difnt
technology nodes have shown a consistent scaliRd based on thgTrench architecture. Isotropic scaling allows
linear reduction of programming currents and alldemecasting dese~100uA at 22nm technology node. Data
retention does not degrade when the contact areeebe chalcogenide and heater is reduced, thudidiighg
another major strength of this memory. Finally, gyeon disturb of adjacent cells is not an issue lszaf a self-
compensating mechanism related to the dual rotheheater. All these evidences, together with gpealing cell

size and some theoretical extrapolations confire liflgh potentiality of Phase-Change Memory as &erradtive
technology for scaling down to 2x nm and beyond.
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