Phase segregation in Pb:GeSbTe chalcogenide system

J. Kumar!, M. Ahmad!, R. Chander!, R. Thangaraj®®, and T.5. Sathiaraj®

! Semiconductors Labaratory, Department of Applied Physics, Guru Nanak Dev University, Amritsar-143005, India

2 Diepartment of Physics, Umiversity of Botswana, Botswana

Received: 28 May 2007 / Received in final form: 12 July 2007 / Accepted: 4 Oetober 2007
Fublished cnline: 189 December 2007 — () EDF Sciences

Abstract. Effect of Pbh anbstitution on the amorphous-crystalline transformation temperature, optical hand
gap and crystalline structure of GeaSbeTey has been studied. In Ph:GeSbTe chaleogenide films prepared by
thermal evaporation, an amorphous to ervstallization transition is cbhserved at 124, 120, 136 and 138 °C in
PhoGeapSbayTess, PbygGe1aShagTesy, PhaGe1rShasTess and PhysGeaShosTess respectively. XRD inves-
tigations of annealed samples reveal that Pb substitution retains NaCl type cryvstalline structure of G3T
but expands the lattice due to large atomic radii. The inerease in amorphous-crystalline transformation
temperature is followed with the inerease in phase segregation. The optical gap shows marginal variations

with compeosition.

PACS. 61.66.Dk Alloys — 6172 Ww

Doping and impurity implantation in other materials — 73.61.Jc

Amorphous semiconductors; glasses — 84.37 . 4q Measurements in electric variables

1 Introduction

Chalcogenide materials produced by rapid quenching are
nzed in mmerons applications meluding photovoltaie de-
vices, infrared windows and infrared filters [1-3]. One of
the major applications of chalcogenide glasses =2 in phase
change memory devices. The idea to use these materials
for memory devices, originated when Stanford R, Owvshin-
sky sugmested using differences in electrical and optical
properties between amorphous and crystalline phases of
Te based chaleogenides for data storage [4]. GezShaTes
(GST) is of great interest hecause of itz extensive use
in phase change memories (PCM) [5,6]. Due to itz (i)
faster crystallization, (i) reflectivity and large resistiv-
ity difference hetween amorphous and cryatalline states,
GST finds application in DVD-BEAM and PCRAM [7-0].
Amorphous-crystalline transformation in GST is fast and
stable due to the absence of the rupture of strong cova-
lent bonds during the above process. The Te sublattice
as well as the structure around Sh atoms 12 partially pre-
served in the amorphous state [10]. Many researchers have
made efforts to improve the phase change characteristics
of GST [7,11-14]. Doping of Bi or Sn to GST has been
found to reduce the amorphons-crystalline transformation
temperature (T.) and improve the speed of recrystalliza-
tion (<10 ns) [6,12,14]. Retarded crystallization has been
reported with In doping [13]. In addition to other metallic
impmurities, Ph has also been considered as a good dopant
in chalcogenide materials [15,16]. Pb belongs to the same
group as that of the Ge and 1ts partial substitution for Ge
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may lead to materials with desirable phase change prop-
erties,

However, the effect of Ph doping on GST has not been
investigated till now. In this work, we describe the investi-
gation of the amorphous-cryvetalline transformation in Pb
doped GST using electrical, optical and X-ray measure-
ments.

2 Experimental

Bulk Pb,Gegz -8hppTess (z =10, 1, 2, 2) alloys were pre-
pared by melt quenching techniome. The constitnent ele-
ments (99.990% purity ) were weighed aceording to their
atomic percentage and were sealed In a quartz ampoule
{length ~10 cm, internal diameter ~6 mm), in the vac-
num of ~10-% mbar. The sealed ampoule was kept in a
vertical furnace for 48 h and the temperature was raised to
1000 =C, at arate of 45 °C /min. The ampoule was rocked
constantly to ensure homogeneous mixing of the melt. Fi-
nally, the ampoule containing molten allov was quenched
mn ice-cold water. The bulk material was extracted from
quartz ampoule by dissolving the ampoule in HF + HaO2
solution for about 4% h. Ingot =0 obtained was crushed
mto fine powder.

Thin films of the above-mentioned Ph:GeShTe allova
were prepared by thermal evaporation method using Hind
High Vacuum Coating Unit (Model Noo 124410, Well-
cleaned glass slides were unsed as substrates. The sub-
strates were maintained at room temperature during de-
position and the pressure in the chamber during the
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Teble 1. Thae at.% of Pb, Ge, 3b and Te in different ssmples ealewated from EDAX data.
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ceposition was below 10— mbar. The filmes were left inside
We wacawn cleunler after deposilion Ior ~24 L o 2l
metasteble equiibrinm assuggested by Abkowitz [17].
Thickness of the as depositec films was messared nsng
(BLA Tencor P15 sudface profiler. The ervstal structare
cf the asdeposized and annealad thin filims was denti-
fed using a Thilips X-ray diffractometer (PWATL0 mpd
conbrolkd XRD syatem with o PWISS0 genwrator) The
chemiee] compositions were detzrmined 1sng EDAX at-
tached with Sesnning Electron Microscop= [Philips XL
20 ESEM system). The average composition of each thin
flm waz obiained by measuriag three regions of the tam
flm. For resistivity measuremente. Al slectrodes ware de
posited in conlanar geometry with & gap of ~2 mm.
The amorphois-crystaline trarsformsation temperatures
ct che slloys were determined by emperatire dependen:
resistivity measurements. The temperature at which an
shrupt drop i the resistivity takes place was taken as the
smorphove crretalline transformation temperasure. The
transmittance (T wor.o alr and specular reflectance (I7)
cl Ll Olons were poessure] sl roounn bempersabore asng
UW-VIS-INIR spectrephotometer (VARLAT Cary 500) in
the wavelength rarge 200-3000 nm.

3 Results and discussion
3.1 Compositional analysis

The compositicns of diferent fims represented as
A, B, O aad D carepoading to PhyGas, ShayTeqs,
I'by g5e1:5bag Tesy, DhiyGerShasTess and  ThylGegs
Shag Ters respeciively are shown in Table 1. From che
table, 1t 15 obeerved that the ratio of Ge/50 n thin fihms
is lower as compered to the initial composition saken
far the prepazation of Fnls material. The Ga/Sh ratio
zlza decreases with addicion of Fh., The change ia che
rclative composition leads to deficicney of Ce to form
stoichicmatiic GST.

With the preseacs of excess Sh and Te, the possible
phizses witly Lheir pricriby of formsedon are anelyaes] wsing
tae chemeally ordered network (CON) model. According
to this model, the fommation of heseropolar bonds is pre-
ferred to the homepelar bonds, In this model, the glass
siructure B assumed to be composed of cross-Lnked struc.
taral units of the stable compounds (heteropclar) [15].
The bowd enapy values of Jilleren. boads Ge-Ge, Sl
Sh, T=-Te, Pb-FPh, Ge-Te, Sh-Te end Ph-Te exoected in
present system are 263,06, 2002, 2508 86,6, 466, 277.4 and
251 kI /mol mespectively [19. Amone the differeat bonds,
the stronger CaTe bonds are favored over the waaker She
Te bende and Sk Te bonds have priornty owver all other
bords. The possible phases are shown in Table 2. The
peeadn binary GesShaTe; phase decreases whereas, the
Shales phase mereases from comnposizions A to L. PE
s1ows the monotonic increase from B tc Do The excess
of Te atoms in compesizicn D are responsible for the Ph-
Te phass m thie composition.

3.2 Hesistivity measurements

Fignre 1 shows the resstvity wahes of PhyGeg,
ShoyTons, Phy e GopeBbgTon,,  PhyOe) ShawTey;  and
FleGzre 8beaTess Oloes, alow leating reee of 2 70 i,
A cortinous decrease in resiativity is observed followed
by an abrupt drop at 12£, 129, 136 end 138 °C oo
FhnGzanSto Tens, Py aGeraShogTens, PhaGeyrShosTeas
anc FhelGe1s800:Tege films respectively. The pressnce of
the abrups drep in resistivity with temperature veriation
1 characteristic of QST systemm and mdicatss that the
GET s present as a contnunous network in the whole of
tae 2ample and 1s mainly esponsibe for electrical con-
duction. The medel oresented by Kolovoy et al. provide
a. clear explanatinn of rapid amorphons-crvatalling t-ans-
formation in GST |10]. In ZegShyTe;, Te atoms form fec
lattice end Co ozeupics octahodral emd totrahedral posi-
tlons in the crystalling snd zmorohous states resnectively,
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Tahle 2. Possible number of molecules for different phoses nath praference of formakion.
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Fig. 1. FHesistivity  wvaristiom with temperatera in
(a) PhaGesBhay Terg. [b_:l Phb. g5 ShagTesy ()

FhaGeirSkasTesz, (d) PhaGeisShas Tess films.

At amorpaous to ervstalline transformation temperature,
with the rupture of weak bonds Ge flins into the tetra-
ledrad peosition. Whereses on weliiag the Ge aloa wo-
dergoes o reverse (umbrella) flip to octahadrel position
resulting in the disterticn of the Ge sublattice [8. This
rapid e pliovs-cr ysbal e raeslonalion aps pesrs @
abrup: drop ia resistivity in sempersture dependen: resis-
tivity messurements, which has besn further confirmed
by XED studies reported in next section. The reducticn
in resitivity upon paase changs is more than three or-
dems of magnitude in everv case. The local arrargement of
atoms arcund Sb remains essentially unchenged. The Sh
atoma mainly play the rale of enhancing overall atakility
of the metastable cryatal structiure by participasing in the
overal! electren balance |8].

3.3 X-ray diffraction studies

The analyzsizs of the X-ray diffraction data provides
deeper understanding of the obsarved amornhons to crye-
talline traastormetion exhibited n the resistivity measure-
ment. Figure 2 shows the diffractograms of as deposited

and annealed PchE;nShg;Tﬁsg, Ph]__ﬁGEl;Shgg'Ibsh
PhaCoy+5baaTan, and PheGey.Shay Ty thin films. Ab
sence of any sharp peak In curve (i) confinms the amor-
plous nature of all the ss-deposited thin fims. Films an-
nealed at 160 C for 10 mm [oarve ()] shows no peak
which indicates that the films remain amorphous. Chrve
(i1} in the above figure shows the diffraction peaks of
the films anacealed at 226 = for 10 min. The peaks
(1113, (2007, (220} and {2227 in PhoGesShayTess can
be identified with foe stiucture of GesSbyTes 6] In Fig-
ure 2h—2d decrease n intensity of peak (200) belonging
to GesSha Tecconfinm the decresse in this phase. While in
Figure 2e, 2d few new peaks (105) (1010) and {205) can
be clearly observed in addition to previously discussed
peaks thz intensity of these peaks also incresses as the
at# of Ge decreases from 17 to 12, These peaks are iden-
tified as SbeTes peass. The value of the lattice parame-
ter determined from the Xooay diff-action data for MNall
type fee structurs of PhyGeyShay Tesqis 6002 + 0.004 A
which i= In good sgreement with the reported wvalue
for nadnned GegShaTes [[9] Fror Phy alesShee Teey,
PbsGEl?Emebsg and PhEGE]_QShzg'Ibss films the value
of the latlice parameter B determined to be GGG 0001,
G.112 + 0,005 and 6185 4+ 0.000 & respectively, which is
marginally higher than that for the undoped GET'. Diffrac-
tion seans shcwnin carve (ii1) of Fignre 2d, aew peals cor-
responding to (135), (1010} anc {205) difftaction planes,
indicates the formation of weaker Sb-Te bands at the ex-
pense of stronger Ge-Te boads. Occupation of a Ge site
over the Ph oor Tt site by Sb iz favored beoans: Sb forms
stronger bond with Te. The bond energy of Ph-Te is ess
than Sb-Te, which is further less than Ge-Te. This results
in an nerease in the dominsnee of the Shy Tey shasc with
mmereasing Phosubstibution. The incressed dominance of
the ShaTes phass over stoichiometric GegshbeTey cavses
plase segregation in these compositions TLis 1s similar to
the one observed in InGeShTe system [12]. The increase in
the SheTes phase, 1.6, ircrease in phase segregation mmst
e pesporsille [or the nerease o aoor phoows-crysbal iae
transformaticn temnperature Table 2. Compositional anal-
vas showed the possibility of formatiom of Ph-Te phase
for compesition D, Secsuse of very small corcentration
left. after formatinn of the CegShyTeg snd ShayTeg phase,
a small tip of peak (200) belonging to the Ph-Te phas= is
otzerved (Fig. 2d).

3.4 Oplical properLizs

I'he absorption coetticiert (o) of the films kas been caku-
laced rom the tranemiesion and reflection data ueing the
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Fig. 2, XRD scans of (a) PhoGenBhoy Tess, (b Phy gGeioShoa Tena, (o) PoaGerrStaaTesa, (1) PosGeroShoa Tessfilms. (Curve
(i}, as-deposited; curves 1) and (i), annesled for 10 mon. as 160 anc 225 YO preapectivaly; 10} foo, phase of GezSoaTes, (W)

SbaTea phase and () fee PhTe phase)

Tzble 3. Amocrphos-crystalline transiormation temwpersture
tailing parameter and opiical gap for PhiG:5bTe.

Clompositions A [=] [ L
T ('C) 121 10 136 18
B~!(cm eV) LO6 136 201 200
E, (cV) D42 044 036 030
relation [21]
- L]
1 (1— K] [(1—H)? U
=] & e 1
. (s) 1{ (21 @R } L

where ‘¢" 12 the thicknesa of the flms. “T" and 'R’ represent
transmission and refleciion percentsge respectively.
According to Taue |22] it is possible to separate three
distinct regions in the ehsorption edge spectmm of amor-
phous semiconductors, The first 12 the weak absorption
tacl, which originates from cefects and impurities, the sec-
o1l is the exponential edge region, which is strongly re-
lated to the structural randomupess of the svstemr and the
third 1a the high absorprion region that determines tha op-
tical energy gap. In the high alaorption region, nwnving
indirect interband trarsiticns betwsen valeace and con-

00
SbremnShr T /
e 4T ShadeShyTes
E a00
8
o
200
3 /
100
n . T .
0 0.3 0.8 og 12 15
hrieV)

Fig. 1. Plots of [L‘:fu)_]i-'m wa. hue for () PhoGeapShay Tegs and
(O3 PhaZe1vShos Tesn films.

netiom bands, o ollows the relation:

v = Bihs — En)* /. (1)
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wherz E¢ is the optical band gap and B is a corstant,
which i= a maasure of the extent of band tailing [22]. A
plot of (c:n’wjlfz versus i gives a straght line, whose in-
tercept on the energy axis gives Ey and whose slope glves
the walue of constant B~ Plots of (arﬁvjl-"‘z versus his for
varions compositions are shown in Fizure 3. The calou-
lated valnes of thes optical bard gap Iy and the approzxi-
mate values of the band tailing parameter B~ are shown
in Table 3. Tt can be observed form Table 3, that B~1 in-
creases add By decresse az the composition changes from
A to D, However, the charges in the above sarameters are
cnly marzinal.

Ming and Fang et al. reportad that optical bend cap for
gs~depogited GST films ircresse with the increasing film
thickness (K — 061 eV for 127 nm, &y — 068 W for
£7 nm thin films) [21]. Thus, the optical gap of ~730 nm
thick film must ramam above 0L81 eV, which is nat ob-
sarved for the analyzed compeositions A to D Further, the
FEy for Ge-Te reported by Dangol is between 1-2 eV, which
is still higher thar ours [25]. 'Uhe £ to1 She'les 18 UL28 eV
which is near to the shserved valies m onr case [24]. It
confirms that the optical band gap in our films is domi-
rated by SheTes in all compositions.

Ph substitution does not show anyv considerable chanze
in optica properties. But, substitution of Pb in place of
e leads to decrease in the Gez=h;Ts; phase, which 1=
confirmed by XRD data of anrealed films. The nerease in
lattice constent value indicates expansion in GezShaTzs
lattice with the addition of Pb. This means Pb must be
entering the GesShqTeg lattice. The SheTes phase emerges
2= the second dominant phase, which is cesponsible for
phase segregation and hence an increase in amorphovs-
crystalline transformatior temperature. As observed in
cptical analy=is, small change in the vzlue of E, indicates
the dominance of the Shy Teg paase. The presence of (105),
(10107 ard (205) peaks furcher corfirmm the SheTes phase.
Incremse of ShaTes peak confirms the increase in phase
seoregation from composition A to D

4 Conclusion

A comperison of opical and phase change properties
for vndoped and Ph doped GewSheTs; reveals that
substitutzon of Ph expands the Ge.ShoTes lattize. Sha Tz,
seoregates as a second phase due o the deficiency of Ge
znd excess of Shoand increases with an ‘nerease of Fh. The
increased phese segregation is responsible for the ineress-
ing amorphous-crystalline transformetion temperature.

The presence of abrupt change n resistivity indicetes the
role of the ZezS5h;Te; phase in electrical properties. A
marginal change in the value of E; shows the dominance
of the 552 Tes plase.
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