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Abstract
An ultra-thin phase-change bridge (PCB) memory cell, imple
mented with doped GeSb, is shown wit100uA RESET current.
The device concept provides for simplified scaling to smiadbs-
sectional area (60nth through ultra-thin (3nm) films; the doped
GeSb phase-change material offers the potential for bettcfas-
tallization and good data retention.

Introduction

Phase-Change Memory (PCM) has been the subject of con-
siderable recent interest as a potential next-generatinrvolatile
solid-state memory technology[1-3]. PCM has already beewn
to possess many of the necessary attributes for such a teghyno
including high resistance contrast, a small number of N&e§B8S g 5 SEM picture of an ultra-thin PCB memory cell test structure fab-
integration steps, the potential for multi-level storagad better yicated for proof-of-principle evaluation. Phase-chariges, patterned
endurance and write speeds than flash memory. In order tthobtausing e-beam in widths ranging from 20 to 200nm, bridge the Tifd-e
the low RESET currents needed for competitive memory densitrodes; the black rectangle indicates the location of thedftBs-section
ties, conventional PCM approaches typically use aggressip-  in Fig.3.

lithographic patterning of a small contact area within thenmory thickness of the phase-change material deposited on tispzed

cell. . . surface defines the bridge heightand the widthwWis defined with
In this paper, we demonstrate a new memory cell deS|gn,cbaII% subsequent patterning step.

the phase-change bridge (PCB), implemented with a proguisin 1 geyices tested in this work consist of bare PCB memory
phase—char!ge mgterlal, Gesb. In aPQB cell, I|thogr§1phierpmg cells fabricated without access transistors. Startindp &itthick
has only a linear impact on the effective cross-sectiored.af his layer of oxide on silicon, a thin spacer of photoresist wasrtred
offers both reduced sensitivity to variations in criticain@nsion, " jefine oxide gaps ranging frobx40 to 200nm. This was fol-

and an alternative path to rapid scaling via ultra-thin films lowed by etching, TiN deposition to define two parallel lecides
running to probe pads (Fig. 2), and planarization of the $il0

Ph?‘se_-cha’r,lge surface. An ultra-thin layer (eithét=3 or 10nm) of doped GeSb
bridge” ¢ was then deposited, followed immediately by 10nm of SiG-

beam lithography and ion-milling were then used to defineira th
line of phase-change material of width ranging fré¥n20-200nm
(Fig. 2). The cross-sections in Fig. 3 show that an ultra-thit
robust layer of phase-change material successfully bsitlyetwo
TiN electrical contacts. The thick e-beam photoresistwshon
Fig.3 as SiQ, was left to protect the fragile bridge, supplemented
by a 3nm blanket layer of subsequent®} encapsulation.
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Fig.1 Integration scheme for a phase-change bridge (PCB) memory
cell. The cross-sectional are@d/( H) depends linearly on lithographic
patterning, offering both reduced sensitivity to variatiomgritical di-
mension and an alternative path for scaling to future techyohmgies

via ultra-thin films.

Phase-Change Bridge Memory Cell

The phase-change bridge (PCB) device consists of a narrow@EiNi
line of ultra-thin phase-change material bridging two uhdeg 10nm GeSb layer
electrodes. Fig.1 shows a potential integration schemehich
one of the two device cell electrodes connects to the drathef
underlying access transistor, while the other is conndeyeda up  Fig.3 This figure (inset) shows a FIB (TEM) cross-section through an
to an overlying bitline. Unlike the line-device concept pislhed  ultra-thin PCB memory cell test structure with a 10nm (3nm) thikeh
earlier as a materials test vehicle[2], here the electradeformed  GeSb layer. The thick e-beam photoresist, shown as Sias left to
very close together to obtain a reasonable threshold \@ltsgp-  protect the fragile bridge. Init_ial devices include_d a 3riamnixet layer of
arated by a small oxide gap that defines the bridge lehgffhe subsequent AlOs encapsulation to protect the sides of the PCB.
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duration for doped GeSb as compared with undoped GST. Lines sho
Fig.4 Crystallization behavior from amorphous-as-deposited uftia-t ~ fits to1 — exp(—(t — %) /7), with a time constant of 8.5nsec (15nsec)
films of doped GeSb, as measured by the drop in resistivity during a@nd a delay time, of 0 nsec (6 nsec) for doped GeSb (GST), respectively.
slow heating ramp (@C/sec). As compared with 10nm thick undoped
Ge;ShyTe; (GST), GeSb offers a significantly higher crystallization tem-
perature.

GeSb Phase-Change Material

Fig.4 shows the resistivity u@mperature of doped GeSb ultra-
thin films as they are crystallized at high temperature frove t |
amorphous-as-deposited state. These doped GeSb filmsao
crystallization temperature nearly 10D higher than comparably
thin films of undoped G£Sh, Tes (GST), and exhibit only mod-
erate changes in crystallization properties even at titirafilm
thicknesses. To evaluate the speed of doped GeSb mateftal, a

i . ; Fig.7 AFM images of partially crystallized optical spots in otherwise
Cuhsed l.aser bea??. Wafl used. to rehcryStaglze amlqrphorﬁ.mms amorphous-as-deposited thin films, comparing GST and GeSb via the
ot e_n{\/lse crystalline film. F'g' 5s QWS the resulting ¢ llgre-. topography change (darker color) induced during crystgitim. In com-
flectivity (AR/R) as a function of optical power and pulse duration, parison with “nucleation-dominated” GST, where crystaliaats initi-

demonstrating fast crystallization for powers from 30-5%rkig.6  ated throughout the optical spot, GeSb is a “growth-domirigibdse-
focuses on this power range, showing the re-crystallinagipeed  change material showing only a few nucleation events withiih egtical
of doped GeSb in comparison with the best-case powers néededSPOt-

crystallize undoped GST. Fig.7 compares AFM images of gléyti Electrical Characterization & Modeling
crystallized spots in amorphous-as-deposited films. Irireshto The operation of the ultra-thin PCB memory cell was mod-
“nucleation-dominated” GST, where crystallization idiated from eled using a custom simulation tool, which uses finite-ffiee
numerous |0(.:a.tI.OI’lS, GeShis a gro.vvth-domlnat_ed- Phaﬁ?‘@b techniques to allow full 3-D modeling of arbitrary deviceogee-
material, exhibiting very few nucleation events within kaptical tries. The simulation tool solves the interaction betweeat fif-
spot. fusion, Poisson’s e i - -
. . . , quation, and the phase-change prduesgh

Fblguresf a7 deml?nstrate that ddopﬁthESb IS aetll_materlal trIj'ﬂt the duration of a voltage/current pulse, including teragure-
combines fast cryst_a Ization spee with high cryst Mtem' dependent thermal and electrical properties, latent luéaelting
perature, thus offering the potential for fast yet truly natatile and crystallization, nucleation and crystal growth. F&snd 9
phase-change memory. show the predicted 3-D distribution of phase states andeeatjre
within the ultra-thin PCB device during a RESET step.
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Fig. 5 Reflectivity change as a function of optical pulse power and

duration for recrystallization of amorphous spots in a 20nktoped  Fig.8 Simulated 3-D distribution of phase within a PCB memory device
GeSb film (on 30nm AJOs on Si). While pulses with power 70mW during a RESET pulse, showing the receding melting spot as thieedev
result in re-melting of the phase-change material and eveyptaalttion, just begins to cool. A slightly higher pulse current would havetee

pulse powers in the range of 30-55mW produced rapid crystatiza  the residual crystalline filaments at the device peripheryiteato a
even for pulses as short as 5nsec. successful RESET.



Fig.9 Simulated 3-D temperature profile within a PCB memory device
during the RESET pulse shown in Fig.8.
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Fig.10 IV characteristics for a PCB memory cell test structitie3nm,
W=50nm,L=50nm), demonstrating snapback from the RESET state.
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Fig.11 Typical measured current traces for SET and RESET steps of
PCB memory cell test structure with 60Across-sectional areBl€3nm,
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Fig. 12 Measured (symbols) and simulated (lines) RESET current of
PCB memory cell test structures as a function of bridge lehgtfor
H=3nm andw=20, 30nm. FotL.=70-80nm, RESET current is100uA
even with 50nm of added SiCencapsulation.
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Fig. 13 Measured (symbols) and simulated (lines) RESET current of
PCB memory cell test structures as a function of bridge witdthor
L=50nm andH=3, 10, and 25nm (simulation only). For comparison, the
open symbol shows our lowest achieved RESET current of roughd 90
at longer bridge length=80nm andH=3nm.

formance of the ultra-thin PCB cells. An |-V characteristemon-
strating the snapback associated with electrical breakduvthe
RESET state is shown in Fig.10. Typical measurements of RESE
and SET states showed 5-20@esistance contrast, with RESET cur-
rents as low as 90A for devices with 60nrh cross-sectional area
(H=3nm,W=20nm, Fig.11).

Initial device simulations were performed with the assuompt
that all devices of constart would share the same resistivity;
however, the experimental results did not quite follow tinénd.
We found that the accuracy of the simulated RESET currents we
improved when the simulations were adjusted to match bagh th
SET resistance, as well as the dynamic resistance duri®REB&ET
pulse, of each corresponding measured device. This washione
simply modeling the outer 25nm portions of the bridge widithw
a different resistivity than the center stripe, which sugig¢hat the
jpon-milling may be modifying the doped GeSb material.

Both simulations and experiments show that RESET current

W=20nm,L=50nm) and minimal encapsulation, corresponding to SETIs relatively constant with bridge length, as shown in Fig. 12,

(RESET) resistances of 98k(500k2). Later devices were tested with
added encapsulation, trading off an increase in RESET cucentpare
Figs.11 and 12) for some improvement in lifetime.

with a slight improvement at largéras the switching volume be-
comes more thermally insulated from the TiN electrodes. éiax,
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. . ) . W=20nm,L=60nm) in the RESET state. The resistance drops with tem-
Fig.14 Data from Fig. 13 replotted as a function of cross-sectiona are perature as expected for doped GeSb (Fig. 4), but remains stiblija
WiH, for L=50nm and=3, 10, and 25nm (simulation only). above the original, room—temperature SET resistance of theal@vhich
in turn is higher than the SET resistance to be expected at [ated
temperature from Fig.4). Then as the device cools, the resestahans to
>1MQ. Thus the device conclusively remains in the RESET state despite
experiencing several minutes at or nedr75°C, above the temperature at
which a GST device would have already crystallized (see Fig.4)

[€]

the RESET current drops steadily as the bridge wititgets nar-
rower, or when thinner films are deposited to define the bridge
heightH (Fig. 13). As a result, the RESET current scales con-
sistently with the cross-sectional are&xH) of the PCB device
(Fig. 14). Thus the phase-change bridge device providescuen
path for scaling of cross-sectional area without exceksaggres-
sive sub-lithographic patterning. For larger devices, @ewhargin
for SET and RESET could be obtained, as shown by the R-I curve
] : : ; ; in Fig.15. While the device lifetimes observed in these tiitial
0 20 40 6'0 8'0 1‘00 20 140 160 deviges were sufficient to permit bgsig phargcterizati@glm), we
Current [LA] continue to explore avenues for S|_gn|f_|cant |mprovem_entec_vi<:b
lifetime through changes in planarization, encapsulatiaterials,
Fig.15 R-I curve of PCB memory cell test structuié<3nm,W=30nm,  device geometry, and the characterization proceduresoutag-
L=60nm) measured without device history, from the RESET statésir ingly, Fig. 17 shows that data could be retained in the RESEfE s
and from the SET state (squares). A threshold voltage of 0.8 aultsa rrgg) to 175C—beyond where GST would re-crystallize—showing
r

total SET time of 60nsec (8nsec ramp up, 40nsec plateau, 12nsec ra . . ..
down) is demonstrated. ( pup P eat potential for the retention characteristics of dope&b.
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Conclusions
The device concept, materials characterization, eledtcicar-

m acterization and device simulation have been shown for @&lnov
iy proof-of-principle phase-change bridge memory cell impated
cr W with doped GeSb. The device concept offers the potentiakioid
@ * i scaling to small cross-sectional areas through the userafthiin
2 S films, while the doped GeSb phase-change material offe pottes-
,,g tial for both fast crystallization and good data retentibelavated
-g 10k temperature.
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