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Desorption kinetics of GeTe deposited on Si(111)
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ABSTRACT

To develop a model for the growth of epitaxial ghaBange materials, it is very important to ingde the different
kinetic adatom processes such as adsorption, desgrand surface diffusion. Especially desorptisna key
parameter which may significantly influence growtite, material quality and composition, as well sasface
morphology. Here, we present a detailed desoriody during deposition of GeTe thin films on Si{lubstrates
taking into account the nucleation regime.
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1. INTRODUCTION

In the last 20 years, optical discs such as CDD&\r even Blu-ray Discs, have been almost exadlisibased on
chalcogenide phase-change materials (PCMBhe success of these alloys is related to thiel ipase-change from
the crystalline to the amorphous state, both ethgidistinct dielectric functions and, thus, dissar optical
contrast, allowing for different transmission amdlection of the read-out lasér More recently, the technological
importance of PCMs dramatically increased as tteyvspotential to replace Flash memory, due to sapscaling
characteristics, higher cyclability, and signifidgirfaster read and write speetfs’ These advantages spawn from the
encoding of the information state using structua¢her than charge. Among the PCMs, the most irtteges
compounds are Te-based PCM alloys, typified by 6&& (GST)®. In GST, the metastable crystalline phase is
utilized as the RESET state in the switching precesereas the SET state is realized in the amampbasé. The
stable configuration of the GST crystalline phasé&igonal, but amorphous thin films of GST growntbchniques
such as sputtering crystallize into a metastabséorted rocksalt structure It is very surprising that, despite the
technological maturity of GST, the crystal struetwf this metastable cubic phase has not beenpindisly
indentified. In consequence, the fundamental playsiechanism underlying the switching process lvadeen fully
understood, and several different models are ctiyreiscussed®° The different proposed switching mechanisms
are strictly related to the structural propertidstioe material and its peculiar bonding nature, dmahce the
verification of these models would require a preadstermination of the crystal structure. From pésspective the
fabrication of epitaxial phase-change material$pierfect orientation and fine control of the growtnetics would
be beneficial. A method that allows epitaxial grovaf phase-change materials is molecular beamxgp{tdBE),
which combines superior thickness control with altgh purity and the possibility of using a varietiy in-situ
characterization toots"*#*3* However, the mechanism for the growth of GST HBVs still not clear and there are
very few investigations dealing with it.

Growth results on epitaxial GST previously reportetf show that a narrow growth window exists for epjtaand
that the growth rate decreases dramatically withptrature. This sharp drop can be explained aswsll Growth
takes place as soon as the deposition flux exceezlslesorption. A single rise in growth rate is esed *
suggesting that the compound desorbs congruenige®ing GST growth by mass spectrometry we alsemwed
that mainly GeTe molecules desorb (no,&% or ShTe, molecules are detected), thus indicating a stioond
between Ge and T€. For the growth of GeTe at temperatures for whighassume crystalline growth we might
expect that either G€e, or its constituent species such as Ge, Te gd&sorb. This is confirmed by experiments as
shown below.



2. EXPERIMENTS

The layers were grown in an MBE system dedicatechtdcogenides at the synchrotron BESSY |l of tleénitholtz
Center Berlin. The apparatus is equipped with sgpasffusion cells for the evaporation of eleme@a) Sb, and Te,

an in situ line of sight quadrupole mass spectrometer (LS-@khBasuring speciesleaving the surface and high-

energy electron diffraction (RHEED). Substrate pregion as well as the growth process were mormitdng
RHEED. A Hiden HAL IV QMS is used as it is capabledetecting atoms and molecules like Ge, Sb, Be, S,
Shy, Te; and GeTe (scanning masses up to 512 amu). The iQME&ated at a distance of 30 cm from the sulestat
an angle of 20° to the substrate normal. The shuttiEont of the quadrupole is closed and openeztye20 seconds
to alternatingly measure the total and the backgttosignal, which is subsequently subtracted froe gignal. In
order to reduce the amount of doubly ionized mdex@and the splitting of large parent molecules idaughter
fragments, the electron energy of the ionizer 3 ke 20 eV and the emission current at 800 mA.

Si(111) wafers were prepared using a standard lgahing with solvents followed by a 10 minute Hip @ind a
deionised water rinse to produce the stable H—teated Si(111) surface. The chemical treatment witewed by a
subsequent introduction of the sample into the MB&mber where it was heated to 700° C for 10 mintatgorepare
the Si(111) (7 x 7) surface reconstruction.

3. RESULTS & DISCUSSION

Figure 1 displays a QMS signal (i.e. the beam exjeit partial pressure of the chosen atomic speriesolecules)
acquired during GeTe growth on a Si(111) substrate.
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Figl: Signal detected by the LS-QMS correspondintpé desorption of several species plotted vegsusth time of
GST on Si(111).



At the onset of deposition we set the growth termfpee at an elevated value of 300° C, for aboumnir@ such that
no sticking of atoms on the surface is allowed, atidspecies completely desorb from the sampleaserf{region
labeled I in the plot). The nominal ratio of thepimging Ge and Te fluxes was set to be 2:5.

The sample temperature is the decreased to 2660 4l/s (area labeled Il) and then set to the grdemperature
of 250 °C for 235min (area llI-IV). It has to beted that the all signals and especially the GeTeadatostabilize

immediately at the chosen growth temperature, finstsa rapid rise and then a decrease is monitorai effect is

associated to the stabilization of the proportiemaégral—derivative controller of the substratevpo supplier that
performs a bounded oscillation. Additional to théchnical aspect very often in the nucleation regian high

desorption of the constituents is reportdand can be assigned to a high energy barrienfoleation, which inhibits
wetting of the substrate and thus give rise togh ldesorption rate. In other words the growth iateeduced at
nucleation and increases at equilibrium; this mehasin the nucleation stage a thickness redudomurs compared
to the steady state growth regime. This should dk@rt into account if aiming at growing very thirydes or

superlattice like structures.

In region IV, the Ge signal is stable, whereas e @e slightly decrease, and GeTe has the tendencystimylat
increase and then stabilization. These behavieeatahat precise control of the substrate tempezaduring growth

is mandatory as it affects the alloy compositiamnglthe growth direction. The procedure used tdrobthe growth
temperature will be described elsewhere.
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Fig.2: RHEED patterns acquired during a) amorph@egs deposition, b) annealing of the Ge thin film)cie
deposition.

It is worth to recall that the desorbed flux isegivby the following relation:
Des Sug Dep Dec

where F represents the flux and the different subscriptsell desorbedDes, supplied $up, deposited Dep
adatoms and decomposd2ke() material, respectively. Decomposition should teeparately be taken into account as
indeed the GeTe signal can be seen as being pariyto decomposition, which might even be enhancetkr Te
flux. The fact that most of the supplied Ge at phesent growth temperature is desorbed in the frstable GeTe



molecules in principle suggests that it would berepossible to completely etch away or decompdse kyer by Te
deposition. This approach might be useful and exle¥or selective area growth/etching experimeftsprove this
assumption we performed the following experimentthi layer of Ge was deposited for about 60 mimoam
temperature with a growth rate of 0.2 nm/min. The @yer was then annealed at 710° C for crystéitina
subsequently Te was deposited. At the chosen tettyperTe only desorbs, while Ge does not.

With help of RHEED the experiment was monitoredsitu. Fig. 2a, obtained after the deposition of &eoom
temperature, clearly displays a diffuse halo tylpfoa an amorphous layer. During annealing at 71€3€ RHEED
pattern evolves into a spotty picture, which intBsathe crystalline nature of the film (Fig. 2bheTintensity of the
pattern diminishes during Te deposition suggestiagtching of Ge (Fig.2c). At the end of the growth RHEED
pattern shown in Fig. 2d displays streaky featuesgmbling the Si(111) 7x7 reconstruction. Nottladl streaks are
visible and highly intense, indicating a non peiffeclean surface, however a precise determinatiothe surface
reconstruction should be investigated with furtgperiments.

Fig.3: Signal detected by LS-QMS correspondindgieodesorption of several species plotted versu$ehdeposition
time on a thin Ge layer.

Fig. 3 shows the QMS signal observed for Te, G&,eand Te during the exposition to Te. The origin of theeim
axis was chosen to be the opening of the Te shitter graph of Fig.3 can be divided into four argd¥). At time
t=0 (area I), the QMS signal for all species sudidercreases, it is worth to note that the sigratesponding to the
desorption of GeTe molecules increases by a fadtéour with respect to the others. Afterwards,sidinals rapidly
decrease. The sudden increase and rapid decretisesifinals represents the first area. The inerehthe signals at
t=0 can be explained by attributing it to an sudderiace reaction between the deposited Ge antoh¢bening Te.
Furthermore the rapid decrease of all signals atdgthat the reaction rate also decreases, ppiatia stabilization
of the surface temperature after the rise dueadéat from the effusion cell.

In the second area (Il) the signals keep decreasitigtwo different slopes for about 20 min. Thisfislope accounts
for a stronger desorption rate, whereas the seslope corresponds to a slower rate and this isidication that the



reaction almost stabilizes and proceeds in a stetady. To conclude the GeTe signal is much hitfrean the others
thus a preferred formation of GeTe molecules isffadt, with small amounts of Ge and Te single atagwwell as Tg
desorbe. Our previous findings of a strong bondrbenh Ge and Te are substantidfed

Within the third area (lll) the GeTe and Ge desorpsignals strongly decrease, whereas the sigrid icreases.
The reason for the decrease of the signals igtibagtching process comes to a halt as not enoadgbrGhe supplied
Te is available. Simultaneously in fact it is pbssito observe the rise of the Te signal whichdatés an oversupply
of Te. In the fourth (IV) and last area, all thgrels except that of Te settle down to their backnd value.

4. CONCLUSION

In summary we have investigated desorption phenandeining molecular beam epitaxy of GeTe on Si(1kli)g a
line of sight QMS. For the given growth conditioti&e growth rate is reduced at nucleation and isa®aat
equilibrium, such a thickness loss is relevanttfoe growth of very thin layers or superlattice ligguctures. Sb
desorbs in the form of single adatoms and doedanot a stable molecule. Most of the supplied Gddsorbed in
form of a stable GeTe molecule, suggesting a st@ad e bond and the relevance of decomposition amésims. A
Ge layer can be etched by means of Te depositidragreferred formation of GeTe molecules is olEgrwhereas
a small amount of Ge and Te single atoms desagkthier with a small amount of volatile Te
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