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ABSTRACT

The phase change technology behind rewritable @pticsks and the latest generation of electronienorées has
provided clear commercial and technological advaricethe field of data storage, by virtue of thany well-known
attributes, in particular scaling, cycling endurarand speed, that chalcogenide materials offerle/thé switching
power and current consumption of established geiumaantimony telluride based memory cells are som@ctor in
chip design in real world applications, often thertnal stability of the device can be a major atdetn the path to
the full commercialization. In this work we shohat phase change media based on the gallium atfthfamm
chalcogenides can outperform the well know bencknparformance of germanium antimony telluride desic
Facilitated by high throughput screening of gallitanthanum sulphides and tellurides, we show tlwesepounds
offer set and reset currents over an order of nbadeilower, than an equivalent germanium antimaeihride
device, while at the same time offering improvedrihal stability and the potential for improved ershce. In
addition we introduce the fabrication of germaniamtimony based materials fabricated by chemicalouap
deposition and show phase change functionalitthese¢ materials. Work is in progress to fully chteaze the
phase change characteristics of these materialsodt room temperature and elevated temperatureseverw
preliminary results show that Ga:La:S based devicgginue to show the ability to display a measlerabreshold
above 25€C.
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1. INTRODUCTION

Our particular interest in the field of phase cteamgemory (PCM) is the discovery of new chalcogerali@ys to
potentially outperform the commonly used Ge:Sb:BE&8T). There is a wide range of chalcogenide allogsge
from pure chalcogenides, to pnictogen-chalcogeéragen-chalcogen, metal chalcogenides to halogeltahenides
[1]. Many of these compounds are covered withghHevel patent literature, within which a vastagrof potential
compounds suitable for phase change memory aregedp yet with relatively few studied in detail .[2]Indeed,
even among phase change memory cells fabricatddtét most conventional GST compounds, the reastbiys
these compositions provide us with useful and etitra physical properties are still veiled [3].ist therefore our
belief that the field and material space is ripeddhorough analysis of the compositional spacpréwide both a
better understanding of the range of properties nthmerous chalcogenide alloys offer and to optintize
compositions to meet the demands of practical stéite memory.



It has been indicated that GST based phase chaag®m devices with a high level of scaling may suffom very
poor thermal stability [4]; moreover as applicaioof GST based memory cells extend to harsh opesdti
environments such as aerospace and automotivescedg@erformance as temperatures fluctuates will be
compromised. These factors along with high curmamsumption of memory cells based on this allogepthe
biggest obstacle in realising the full commerciatgmtial of PCRAM. Improved stability has alreduben obtained
using Ge-doped Sh:Te [5] and also by replacing @eptetely by Ga [6] and this allowed device operatit 106C.

In the work presented here we fully explore thatreély unknown gallium and lanthanum based chatoddes with

a particular focus on both performance and temperattability.

2. MATERIALS

In the past year, we have applied high throughpethodology to synthesize and characterize a rarfge o
chalcogenide glass families based on Ga:La:S ana@& as as well as the benchmark Ge:Sb:Te (G&T)ly.
In addition, Ge:Sb and Ge:Sh:S were deposited dratacterizated. These germanium based phase change

materials were deposited by chemical vapdur
deposition (CVD) using inorgancic precursors. ur
work with the GST phase change material was used as
a control standard with which the electrical and
thermal properties of relatively more novel
compositions could be compared.

For the Ga:La:Te, which inherently offer higher
thermal stability the full ternary was deposited by
physical vapour deposition and all compositionsten
phase diagram were screened using high throughput
techniques, For the first time, Ga:La:Te alloyseave
deposited and glass formation demonstrated over|the s
majority of the phase diagram [7]. Particular pisen .

was obtained with compositions containing |a

relatively high proportion of Te and Ga to La, whe| Figure 1. Compo;itional spread of the Ga:La:Tes_gIas
resistivity measurements revealed four order |ofystem characterized by high throughput screening

magnitude difference between the glass and criystal] methods.

phases (see figure 1). It could also be shownttieat crystalline to amorphous phase transition exhigign

average temperature of the amorphous to crystallin@sistance
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The shaded area identifies a region iixigb

difference of over four orders of magtat

phase transition was 50-100K higher for these hase
over standard GST composition.

Gallium lanthanum sulphides were deposited frommelal
precursors by thermal and e-beam evaporation régplgc A
compositional gradient of approximately 5% to 90%ligm and
95% to 10% lanthanum was achieved on a single subsBulphur
was incorporated in the film using a K-Cell as arse and a “hot
lip” molybdenum cracker to break the larger sulkbains to mono
or di-Sulfur. This allows a smooth and more comdaldeposition
of sulphur. Post processing at temperatures Uf0EC resulted
in stoichiometric Gg53:La,S; across the compositional gradient.

In both of these two material groups, synthesik tplace using
ultra high vacuum (10-9 Torr) and molecular beartagp based
technology in high throughput physical vapour dégpms chambers
(HT-PVD). llika Technologies Ltd provided this edplity with a
system allowing up to six individual elemental smas, the other
four, are available with an ultra high vacuum (UHvgnsfer line

Figure 2. Photograph of a typical Ga:La
compositional array prior to sulphurization
and post processing.




between systems and to UHV characterization chamtbgiove box and fast entry chamber allow cleamsfer of
samples in and out of the system. It is possibleréate both continuous films and with the use obatact mask,
discrete arrays. Combined control of the gradiehimaterial across the sample using wedge shut@rshie
individual sources, and the rate of deposition feanh source, allows complete control of the contipasl range of
the material: Initial broad composition ranges barsynthesised, with concentrations of individuaients covering
ranges from O to almost 100%. Following preliminagreening, one can synthesise a much narrower asitigm
range at higher resolution close to regions ofrege Substrates were typically silicon or thefynakidized Si with
a 32 mm x 32 mm footprint. A number of sensitivel dast characterisation measurements developetifofilm
materials were used for film charactization andtitgoughput measurement of the switching charistites.

Germanium antimony (Ge-Sh) thir Ge-Sb thin film
films with tuneable compositions Vi T

o
. o~ f— Scrubb
have been fabricated on SIS, Substrate \ crumnet
borosilicate glass, and quartz glag \ T
substrates by chemical vapoy —

deposition (CVD). Deposition took
place at atmospheric pressure
using metal chloride precursors at
reaction temperatures between 74
and 875°C.[8]. To simplify the
processing, we used fixed gd =

flow rates of GeG| SbC} and 6 Silicone Oil

% Hz /Ar of 50 - 200 mi/min. B_:y Figure 3. Schematic diagram of the chemical vapiemosition apparatus used fqr
simply changing the react_lor the fabrication of Ge:Sb thin filrr
temperature at zoney,Tthe ratio

of Ge to Sb in the deposited Ge-Sb film could beeda In this process, Sb acted as the base matetiost and Ge
acted as the dopant in the Ge-Sb thin films. Tloeecfthe higher the temperature of the CVD reactiom greater the
content of germanium could be incorporated in tleeSb thin film.

[72)

3. METHODOLOGY AND RESULTS
A series of devices were fabricated using stangaadolithography, reactive ion etching, ion beantling and ion
beam deposition to yield the device structure sh@shematically in Figures 4. A total of 100 indivally
addressable cells of varying sizes
were fabricated in each of th
compositions 13Ga:7La:30S an
2Ge:2Sbh:5Te. Devices wer
fabricated on a SiO2/Si wafer o
which the Ga:La:S or Ge:Sbh:Te wds
deposited by RF sputtering. For the
Ga:La:S films, the sputtering targe
were fabricated in-house by melt-
guenching gallium sulphide an
lanthanum sulphide powders in

vitreous carbon crucible. Th
Ge:Sbh:Te sputtering targets were
obtained commercially

(Testbourne Ltd. UK) and werg
nominally of the composition
Ge2Sh2Te5 (atomic %)

itional vsis b Figure 4. Schematic of the prototype memory celsdul on a lateral design,
C_ompo_smona analysis by energy- showing in the inset detail of the chalcogenide:(@z5 or Ge:Sh:Te) stripe
dispersive ~ X-ray  SPectroscopy capped with two platinum electrodes. Memory citiehsions ranged from

(EDX) confirmed this ratio of| 5o _ 300 nm length, 15 — 75 nm height and 40 —r8#%vidth.
elements. A Kurt J. Lesket




NANO38- SPUTTER thin film deposition system wittbackground pressure of 8 x 10orr was achieved before
the sputtering began. High purity argon was usethasputtering gas and the distance between thettand the

substrate was 150mm. The substrate was kept at t@mperature initially and minimal <30 temperature increase
was observed while the film was being formed. & Ga:La:S, the deposition power used was 60Wtlaad
argon gas flow was 15cc. For Ge:Sb:Te, the dépogibwer used was 45W and the argon gas flow was/Bin.

The film thickness were confirmed using a KLA TenBd 6 Stylus Profiler. Film thicknesses of 15,88@ 75 nm
were used in both materials in the final devices.

Trenches were etched in the chalcogenide layere wtthed to obtain the desired nanowires. Theslated
nanowires were created using ion beam milling ef¢halcogenide layer to obtain restricted nanowdfedifferent
geometries. The resulting nanowires ranged frono48Y5 nm in width and 50 — 300 nm in length.

Electrical contacts were provided by molybdenumamnpads which were deposited by sputtering usiegpitocess
described earlier. The substrate was kept at teomperature and the deposition power used was 100%/argon
gas flow ofl5cc. The contacts were patterned using photolithglny using a positive photoresist (S1805) and the
lift-off technique with a pre-deposition Oxygen @taa ash (using a 100W plasma power and 10cc Oxoen

The ashing was also repeated post lift-off to cld@nsamples of any residue photo resist. The Si@po power
used was 45W and the argon gas flow was 37cc. tinlta electrodes were then created using electeamb
assisted Platinum deposition using a FEI Helios B@€used lon beam. The gap between these electiatesd the
final nanowire or memory cell. An SEM image ofypital cell is shown in Figure 5.

A similar design for the Ge:Sb devices was usedwlnich a total of 10 cells were fabricated in theeetic
composition 15Ge:85Sh. A scanning electron miopscimage of one of these cells is shown in FigureIn
preliminary tests each material family providedaclphase change functionality.

I HV [magm| WD e— 0 —
43 pA|TLD [2.00kV|80 000 % |4.1 mm |1.60 pm Helios 600

our [det| HV |mag O] WD | HFW
86 pA| TLD[10.00 kv|40 000 x | 4.1 mm [6.d0pml ]

Figure 5. Scanning electron microscope (SEM) image | Figure 6. SEM image of a Ge:Sb nanowire memory
of Ga:La:S memory cell formed from two platinum cell. The Ge:Sb is deposited by chemical vapour
electrodes spaced 375 nm apart. The chalcogenjde |4 deposition and following reactive ion etching, # ce
has been milled away to form the nanowire cell. 100nm x 150nm x 100nm thick was achieved.

The electrical characterization of all devices wasried out with the probe station setup consistihgn Agilent
4155C semiconductor parameter analyzer, as weliragf\gilent 8110A dual pulse generator. By intradgc
voltage sweeps and measuring the current acrosfatitecated cell using the source measure unitiwithe
semiconductor parameter analyzer, each cell wasactesized. It should be noted that an internatl loesistance
within the instrument provides current limitationarder to protect the device. The I-V charactiedgsof a typical



Ga:La:S cell are shown in Figure 7. The resistaridhe material in its crystalline state was oe tiider of ~3 x
10° Q. Once the voltage was increased above the tHoesti@ resistance switches to a more conductiate st
showing a resistance of ~ 3 x°1Q. The second sweep demonstrated that the chaneresstable and the film
remained in a high conductivity low resistanceestas a result of the first sweep. The electricatchimg was
reproducible, though our tests limited switchingtdy 10 cycles for these devices, however ende@ragcling on a
larger thin film device cycled ~ £@imes without failure [9]. The resistance contastween two phases was on
the order of four orders of magnitude; therefoie thsult would indicate promise for PCRAM applioas.

A more detailed and statistical study of SEF
and RESET operations was made
approximately 50 cells in each of the Ga:La}S
and Ge:Sh:Te designs. Pulse widths for the 25 1 N
SET were set to be in excess of the expected
switching time, typically 200ns ns, and the
threshold voltage was measured for the SET
and RESET function. This data was plotted
as a function of cell area, ie, the active area| of . ob
the chalcogenide between the platnium 197 .
electrodes and representative data is show
Figure 8 and 9. Despite some overlap in the
data at small cell sizes for the SET operatipr 0 cooosrstberssst® ‘ ‘
it is clear that there is a difference in the o 0.5 1 1.5 2
performance of the two materials when used Voltage(V)

in identical cell designs. A curve was fit t
each set of data, for which N, the number |o
cells measured, varied from 20 to 50. To 200
allow a direct comparison of performance of 180
the two materials, a cell area of 12 x°1tn?
was chosen. This is above the region |of
small cell sizes where our experimental
uncertainty was relatively large, but
significantly smaller than the largest of the
cells we fabricate, some of which were an
order of magnitude larger. The results
this comparison are shown in Table 1 belo
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The results indicate that there is
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approximately an order of magnitude wit Voltage(V)

Ga:La:S offering a ~10difference between
the amorphous and crystalline states. Thi
due, in part from the relatively large¢ Figure 7 Switching characteristics of a typicatiGaS cell,
resistance in the glassy state (=3 X @), | showing the I-V curve during switching from the sgao

which manifests itself also in a slightly highgr amorphous phase (top image) and the reversibletsiwi back to
threshold voltage. A more thorough study pfthe amorphous phase (lower image). The set aed vekages
the interpretation of these results is currentlywere 0.92V and 2.44 V, respectively.

underway.

Table 1. Comparison of switching characteristics foGa:La:S and Ge:Sb:Te memory cell. In both casethe
cell area is 12 x 18 nm? and measurements were made a room temperature. &htomposition of the alloys
were 13Ga:7La:30S and 2Ge:2Sh:5Te

Alloy Set Reset Threshold Reset Switching Cell Cell Resistance
Current Current Voltage Voltage Power Resistance Resistance Ratio
(HA) (MA) V) V) (LW) Amorphous | Crystalline
(D) Q)
Ga:La:S 349+144| 91722 3.24+01f 4.86390| 11.3+7.3 3.24x %o 2.85x 16 1.14 x 10
Ge:Sh:Te 116 + 40 175 + 65 2.22+0.18 3.41£0.19 7 2%04 2.22x1b 2.02x 14 1.10x 18




16

14 - # GLS Set Voltages .
12 W GST Set Voltages
—
>
8
© 8
=
O ¢
>
@ 4
v
2
0 T T T T T 1
0.00 0.25 0.50 0.75 1.00 1.25

Cell Area (nm?x 10%)

Figure 8. SET Voltage as a function of cell area@a:La:S and Ge:Sbh:Te phase
change test devices. The SET Voltage was detedniioen the point on the IV
curve at which the current increased significaimttlicated a transition from glass
to crystalline phase. A line of best fit was detmed through a least squares f
to all experimental cells measured apart which gftbswitching behavior.
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Figure 9. RESET current as a function of cell doggGa:La:S and Ge:Sb:Te phag
change test devices. The RESET current was detedchffom the point on the
IV curve at which the current flow descreased digaintly indicated a transition
from the crystalline to glass phase. A line ofttfé was determined through a
least squares fit to all experimental cells meabapart which showed switching
behavior.
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The Ga:La:S family of chalcogenide
glasses are well know to be amongst the

Table 2. Thermal characteristics of bulk chalcogenmie alloys

most thermally stable chalcogenide ] welis g
compounds offering characteristic used in memory cell fabrication, all measured iriC.
temperatures several hundred degrees Glass Onset of Onset of
above other sulphide based compounds Alloy Transition | Crystallization Melting
[10]. Table 2 compares the glass (Ty) (T (M)
transition  temperature,  onset  of | 13Ga:7La:30S 550 640 830
crystallization and onset of melting for the | 15Ge:85Sb - 260 650
three chalcogenide compounds which make| 2Ge:2Sh:5Te 350 160 610
up this current study.
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Figure 10. Preliminary data on the temperatureeddpnce of the threshold voltage of a Ga:La:S and
Ge:Sh:Te based memory cell. In both cases cellieotical structure were used. The active ardhef
cell was 10 um x 10 pm x 70 nm.  Note that the d@edlign for these measurements was of a different
geometry and considerably larger than those useithéoprevious data shown in Figures 7 thru 9.

To assess device performance at elevated tempesaturseries of device based studies have beemateddwith

both Ga:La:S and Ge:Sh:Te devices. This work golhtinue with cells from the same fabrication baashwas
used to assess SET and RESET conditions of thealiaygs, and will include data for the Ge:Sb cefisaiddition.

The preliminary results we show here indicate thatccordance with the characteristic thermal pridgs there is
a clear improvement in onset of failure, definecehas the loss of threshold switching, in the taaterials. Figure
10 shows shows a typical measurement in whichhteshold voltage as a function of temperatureagigud for both

a Ga:La:S and Ge:Sh:Te device. For the Ge:Sh:Viealdoss of threshold switching occurred at agpnately

160°C whereas for the Ga:La:S sample, repeatable thicestwitching continued to 250.  Although this data
only indicates enhanced temperature operatiorpimimtype device rather than real world applicatibdoes clearly
indicate that significant difference in temperatsi@bility can be achieved through compositionatiification.



4. SUMMARY

We have fabricated a number of phase change metestrgells in the form of nanowires on the ordefl®f- 375

nm in dimension. Gallium lanthanum sulphide basledices were fabricated and compared to germanium
antimony tellurite devices of an identical struetur Gallium lanthan sulphide based devices outpedd
germanium antimony telluride devices on a numbekeyf parameters. In addition, binary germaniumnaony
devices in which the phase change alloy was deggb&ly chemical vapour deposition were demonstrat¥de
reveal enhanced temperature stability in phasegehatoys identified through high throughput sciegrof families

of chalcogenide alloys. Work in progress is fullyantifying this range of chalcogenides to provigdimized
materials for commercial memory based devices.
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