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13 ABSTRACT

| probe-of. argon content,

: and. germarium with g compressed strycture resulting from the formation-of Si-O-5i

.-getinanium, i's:Showh to anneal dut through phase separation.

. :5. The elu¢idation-of the- excellent ‘epitaxy of. PdZSi on silicon that permits the

£ A formazion of &alngle orystal silicide during the.room temperature deposition of

1 Pd-over (1) 8t

¥ éea ‘The-digcovery-of éimple instability criteria that lead to filament formation in S
5 ghapéd negative diﬁerenual conductivity SNDE) devices.

§ 5, The syStematic description of crystallization phenomena in Ge-Te glasses

: as‘-‘;ociated with merrory behavior, Consistent with the T, behavior and with the

| phase homogenieous glass. Between GeTe and a C’eTeg phase separaticn appears

' A summary of the mejor accomplishments described in this report is as follows::
1. The demonstration of argon effusion kinetics versus temperature as a useful
‘monitor-of diffusional processes in chalcogenide glasses as well as a sensitive
2, ‘The.gssociation: of tfrapped-tr-réacted-oxygen in sputtered amorphous silicon

and Ge-0+Ge honds, Thié -oxidatich: also-influences other propertiesand, in

t?:ermoaynemr’ results, glasses richer in Te than GeTe, fcirst crystallize Te in a
Ge enriched maitlx via a nucleation and growth process in an, initially, single

to take pjare with Ce’i‘e crystamzetion precedinq the eventual crystallization of

S
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the Te enriched glass (GeTe ):-into Te.and ‘GeTe.
6. The measurement of compositionally dependent heats of. crystallization and '

| defect annealing for sputtered amorphous. Ge-=Te films leading to:the identification
] of two ordered amorphous structures: GeTef and GeTe. The ordering at GeTe,

'supports the random network SiOz structura model for this composition, whereas

evidence for phase separation into these ordered structures., //

7. The refinement of the structure of Ge-Te glasses based on the combined neutron
and X-ray radial density analyses.

8. The analysis of optical absorption, dc conductivity and thermopower:results

| for GeTe, = GeSe, alloys leading to a band structure model for these amorphous

phases in their virgin state after sputtering, and in their annealed state after

| heating to the vicinity of T,. The effect of ‘annealing the GeSe ~rich films is to

move the Fermi level across the center of the gap, producing a rapid transition

from p-=type to n-type-conduction.

‘9, The development, in”conjunction with R. ‘Bubeé and T. Arnoldussen of Stanford
University, o a method for analysis of photoconductivity results-which places
strong constrainst on the allowable density of states.

annealing upon the band structure of sputtered amorphous Ge‘I‘ez. Preliminary

results indicate that the tailing of the valence band states into the gap increases
{ with.annealing, but that the relative increase in the valence band. tail width

is only about half the relative increase in the gap width.
11. The extension.of the 3-fold coordination model leading to the discovery of new
high Ty glasses.in the GeTe - SiTe = As and GeAsSe - GeAsTe systems. Combining

to speculate on the possibility of widespread 3-fold coordination for chalcogenide
alloys whose average valence electron number is 5 per atom. This coordination,
which could result from a partial electron transfer from the chalcogenide component
to the Group IV component, would lead to enhanced ionic bonding and higher values

of T .

12, gA new discussion of ac conductivity data written in order to clarity conflicting
interpretations of these experiments in the determination c¢f the density of states
function of amorphous semiconductors.

iAmorphous Semiconductors BEE =

High température device materials - | AP | S A |

composition. Between GeTe and GeTe we have found thermodynamic and structural .

10. The application of this photoconductivity analysis to determine the effect of l:

these results with the results described in Item 7 above for Ge-Te alloys, leads us |
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15 INTROD» zTION AND SUMMARY GF MAI@R ACCOMPHSHMEITS o

Ll Intrcduetion

&

E«{ & ) The present technical report on ARPA contract DAHGIS 70~C-0187 reviews.
%g“t ! o , the workﬂ;‘:erformed under this oontract from May 18, 1971 to December 18,
Eq ’i -, 1871, e.l,,though,mo;e.xjecent results have also beenyincmded for topics. which.
i‘f‘% h k w2 ai'eecontinging. to investigate. This is the third vtechnii'cal report in:a two
year study fosused on amorphus semiconductors for hi“QL;~tgmrz_e§§atur~e‘app11=
Qf” _ cz:;ions. As this -pregram nears its comgletion, an increasing large. proportion
3‘ . of the work is becominq available in published form, primarily in the Journal

& . ) of Non-Cry *tallme i1011ds, Materials Research Bulletin, Journal of Applied

LZ{; | Physics, Soiid State Communigations and other similarly appropriate -publica~-
i 3 tions. Iof the first time ;n these\\technical reports, we have presented the

% fcjfompl‘etee%‘ %rorlgiirfa‘bg\tradt fofm-in the main body of the repprt,;éﬁd have ap-

5 . per[ded th'e cbrnespo’r‘lding reprints and preprints separately. The extended sec~
o 't;ons‘ of the text deal with. several interdisciplinary survey studies of proto-

: , typical chalcogenide systems. In general each of these on-going survey

studies will be published as a series of self~contained topics, so that the

extended discussion in the present and preceeding-reports is intended to provide

TR TR T TR ST AT

. an overall perspective of this work, Many of our ARPA investigations will, of

RFRIPES TN

course, appear as contributions to Vel, 8 ~ 10 of The Journai of Non-Crystalline

Solids which is exclusively devoted to the recent Ann Arbor Conference on the

Physics of Amorphous and Liquid Semiconductors., The research covered by

these articles has largely been deseribed in the preceeding reports to ARPA.

" PRI
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1 2 Summaryﬁof Major AccomplishmentSr« -
w 1., Theedemonsb'ation of argon eﬁ'usion kinetics versus‘tempetamre
:__/ ) o~ o
N as a useiul monitor of. diffusional processes 1n chalcogenide: glasses as wen

.) H

as & sensitive probe of: argon content. R L

2. Thé:associationof trapped or reacted. o:’cy‘gen—,inrspu'ttereci ain&phoué

silicon and' germanium with a compresseo structure resulting from the formation

' of $1-0=8§1 and- Ge-0-Ge: bonds. This oxiaation also inﬂuences other proper— . 7»

“Tygs and., *ig‘:fgerman;ur.n, is shown tgaanneal‘ out.through phgsegeepararmn .
: . L
3. The elucidation of the excellent:epitaxy of. PdZSI on silicon that W

permits the formation of a single crystal silicide during the room temperature

1 \

\\.

deposition of Pd.over (111} Si. ‘ s

4, The-discovery of simple instability criteria that lead to:filament
formation ifi S lsheped’/negetive differential cenductivity (SNDC) devices.

%{:. The systematic description of crystallization. phenomena in Ge-Te
glasses associated with-memory hehavior. Consistent with the Té behavior

and with the thermodynamic results, glasses richerin Te théam'c‘;e'l‘oia2 first

crystallize. Te in.a Ge -enriched matrix via a nuclueation and growth process in

an, initially, single phase- homogeneous glass. Between GiTe and a GGT@Z

pbese separation appears to take place with-GeTe crystallization preceding

the aventual crystallization of the'Te enriched glass (GeTe'Z) inté Te and GeTe.
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6. The measuréement fpf»&ompos1t£6§§ai:!,_y$¢4dﬂgpende‘nt' heats 6f

c.:rysta'll{'zj'ationma,nd défecta_‘rineal ing for*‘sputteféd'amorphou<s' Ge-~Té films.
)

leading ‘to the 1aéntif1cation:of two ordered’ amo'x‘;ihéu:/\timctures:- Ge’l‘ez.

and GeTe. The ordering at GeTe

model for this composition, whereas the ordering at GeTe suggests:a .3‘+-fql‘d

coordinated structural model for this composition. Between GeTe, and GeTe

" we have found thermodynamic and. structural evidence for phase: separation.

into these two ordered structures. o N

7.  Therefinement of the,_ structure of Ge-Te glasses bas‘,edion;_t,h{g
combined neutron and X—x"éy radial density ~ana1$'ses . '

8. &‘h,e analysis of optical absorption, dc conductivity and thermo-.
power results for GeTezl - GeSe2 alloys leading to-a band structure model
for these amorphous phases in their virgin state after sputtering, and in
their anneéaled state after heating to the vicinity of Tg‘. The effect of
annealing the GeSez~rich films is to move the Fermi ievel across the center

of the gap, producing a rpaid transition from p-type to n-type conduction,

9. The development, in conjunction with R, Bube and T. Arnoldussen
of Stanford ‘University, of a method for analysis of photoconductivity results

which places strong constraints on the allowable density of states.,

7 g ;
9 supports the random network 810, . structural
o oot

Ny

50
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10. <‘v1‘he-»apiiliééﬁpn of this photqc_onducthiity-‘anélysi-'s to determine the
efféct of annealing y-upon the band stiructure of sputtered amorphous GeTez.
Preliminary results indicate that the tailing of the \_ralence band states into
the gap increases with annealing, but that the relative increase in the va{lence
band tail width is only about half the relative increase in the gap width.

11. THe extension of the 3-fold coordination model leading to-the

discovery of new high T glasses in the GeTe - SiTe - As and GeAsSe - GeAsTe

systems. Combining these results with the results descnbed in Item 7 above

for Ge-Té alloys, leads us to speculate onzthe})possibility of widespread
3-fold- coordination for chalcogenide alloys ‘whose average valence electron.

number is 5 per-atom. This coordination, which could result from a partial

electron-transfer from the ehalcogenide component to the Group IV component,

would lead to enhanced ionic bonding and higher values of Tg.

12. A new discussion .of ac conductivity data written in order to clarify
conflicting intetpretations of these expeffments in the determination of the

density of states function of amorphous semiconductors.
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2. SURVEY OF'THERMODYNAMIG, STRUCTURAL, OPTICAL AND EIEGIRIGAL.
-°= ° TRANSPORT PROPERTIES-IN: PROTOTYPICAL GIASSY CHALCOGENIDE SYSTEMS:

2.¥ . fhiredugtion;

Inthef’irstand secohd technical .réports under this' ¢oﬁtr§ct>.wg,
’émﬁhéﬁs@ée& the importance of stoichiometry. in deterﬁxih;pgs t%h’jé’: sig’mctural
IStﬁte‘:énd physié&l ‘properties ‘of chalcgéenide~ glasseSI'ZZInrcqr,ijrést*tq
random~covalent models‘ , which require gx;'lyu valency satisfaction to.account
in a general way for all the: ele‘r"_ronic:pfopéi'tieﬁs of ch_;ilqggenide glﬁas‘rs_es,r_/: 7
we Vhaiie,:shomfm.that olrdei:lngl e‘affe—éts~ ,‘produc,e most of the propeity singularities
obsefved at specific cliemical compositions, for‘l;ullg and well annealed 7
thin film g‘lassgs? These .ordering effects in the Ge-Te . binary result
because, the partially-ionic Fe~Te bond is stronger than the Ge-Ge:and
Te-Te bonds. The i’mpértanc\e, of these discoveries lies in thé difficulty
of studying such ordering effécts via direct structural (PFDF) methods even
for binary systems. We have continued to utilize these ordering concepts
in selecting model binary, ternary and quaternary systems for detailed
analysis of electronic and thermodynamic. properties.,

The samples for these studies were produced by rf sputtering films
of vgrious.thiclcnasses (0.3 = 20 ), a techniyue which vastly simplifies
the ﬁroduction of films of known composition with consistently reproducible
broperties.\ We rely primarily on ‘the careful preparation of sputtering
cathodes aind on the translation of compositional fidelity from éathode to film:

to achieve films of specified compositions. The Ge-Te and Gg-Te~Se
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systems appear to be espscially well belisved in this regard, & we have
verifiéd by preliminary filcroprobe analysis. Afsenic, on the other.hand,
appears tc. béf‘Paﬁiélly‘Ydepléted duririg: soutterifig, possibly-because. of a
lower "sticking coefficient", v?ﬁilje thallium appears to.be enriched: Survey
studies of :puttered films in systems contdining the§&.components are
21:'lu\a“ifefc;x‘e:~ subject to-greater compositional uncertainty a;id‘ require closer
fnic‘roprobé ‘monitoring. -

We have utilized rf sputtering of thin ‘films in order to widen the.
«acgéss;iblg‘ c‘ompqs‘it‘i‘onal range of glass fgrmat;gﬁ in prototypical. systems
‘béyond the limits achievable by almost any other'method of sample preparation.
Sputtered. thin £ lmg:differ from glasses prepared by the-continuous_, plidification

of a liquid in-three respects. The first and inescapable ¢onsequence of

s,putteri’r‘xg-i‘s the incorporation of argon into the films., We have quantitatively

-characterized this effectin . »‘aTe; , @ structurally simple material whose

physical and thérmodyg&ﬁi& wropefties have been extensively evaluated in
current and previotis ‘ioott)ipns«c,’f ouvihigh temperature chalcogenide matérials
resedrch program,

A second consequence of $puttering is the-incorporation of a substantial
concentration of presently unspecified defects. The enthalpy of anyglass
below Tg always depends on its method of preparation and its annealing
history. This central fact concerning the demonstrable instability of
all real glasses has been the experimental platform upon which the theories
of an ideal metastable glassy s‘tate have been built 5. However the

enthalples of some sputtered amprphous alloys display very large departures
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from their-annéaled values. ‘We:ave méasured these departures for

a Series of Gé~Te amorphous alloys .in order to correlate:the magnitude of the
-observed heat of annealing. with, say, the sepagation-of the deposition
temperature from. ’i‘g, the glass transition temperatiire, ‘We have observed
significant optfca‘iiqnd lvtfanspo'gt property changes .occurring: on the same

time scale and V\;i{:hin the same temperature range as.the exothermic
annealing -of defects, and these property changes séem clearly attributable

to the removal of'the defects. Such measurements include:the photdconductivity
of GeTe,, and the dc conductivity and. thermopower.of selectéd-alloys in-

the Ge~Te binary and the GeTe2 - GeSez pseudobinary systems. .On the
other hand, we have observed that the.magnitude and temperatire dependence
of the thermally stimulated argon effusion i§ not simply correlated {and
therefore appears to be unrelated) with these thermal and electronic

property changes introduced by annealing below the crystallization or

glass transition-temperature., Thus a microscopic desciiption of ‘these
defects has not been achieved.

The third consequence of the sputtering of amorphous films is often.
the apparent loss of the thermal manifestation of Tg or, in effect, the
replacement of a 'l‘g endotherm by a crystallization or phase separation
exotherm for compositions which are far removed from regions of bulk
glass formation., This phenomenon has often been described, for example,
for all forms of amorphous Ge agld Si6 . for evaporated Geox alloys7
and for the high Ge-content sputtered alloys in tﬁe Ge-Te s.ystemg . We

have confirmed the existence of this effect in Ge-Te sputtered amorphous

e £ro et o e R i s S TS L W s Al S st
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alloys and have found that:the transitional composition lies at or near

GeTe»z, in the same composition range wherein other structurai and

thermodynami¢ changes occur. We propose a tentative model for the

origin of this effect.

2.2 @Ge-Te.System

2,21 Review of Thermodynamics'and Glass~forming Tendencies,
Structural Models,

We have undertaken a compreneasive study of amorphous
Ge-Te thin films prepared by rf sputtering, W selected this system.

not only because alloys based on Ge display highly reversible

85°°15
memory switching, but also becauvee it provides an opportunity to
examine a variety of structural prototypes and to correlate in detail

the transport, optical and thermodynamic properties of these structures.
Much .of this work has focused on the role cf annealing effects, i.e.,
the irreversible removal, upon heating, of structural and chemical
(i.e., argon entrapment) defects which were incorporated into the

films dur'ng their deposition.

In the course of these experiments we have attempted to define
and quantify the role of composition in controlling the siructural state
and physical properties of a2 series of ylass alloys in a binary system,
Our motivation for such a study lay in the then current state of our
understanding of these materials;

1. We had alieady observed a Tg maximum and had qualitative

indication of a resistivity maximum in the vicinity of Ge'l‘og .

-y
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.Sputtered amorphous G_é’rez has been stugied extensively

(see Section 2. 3) and the role of stoichiomefry on its
‘properties pased a significant challenge to our"understandiing—
of strugture-pfdperty ’rel,ati_onships in a chalcogenide glass
system.,

Wc; had measured an order-disorder transition in Te-rich binary
liquids at about 400°C whose energy suggested-a high degree
of local order for lower temperature liquids and glasses3.
Extensive X~ray diffraction data were availalgleg which, while
in:agreement with the random. covalent model of Mott, could not
distinguish between an ordered versus a disordered covalent
network, or even between a network containing 3-fold Ge and
Te versus a network containing only 4-fold Ge and 2-fold Te.
The existence of phase separation in this system, while in

2,3
our view ' apparently absent between Te and GeTe,, had

9
neither been confirmed or rejected for the higher Ge content
glasses.

A controversy existed in the literature concerning the short
range order in amorphous Ge’I‘elo: If Ge and Te are each in
3-fold coordination, singularities in thermodynamic, optical
and transport properties might be e:npected at the stiochiometric
GeTe composition, In contrast, if Ge remains 4-fold and Te

remains 2-fold between Gce'rez and Ge, than no propoerty

singularities would be anticipated at irue stolchiometric

P - . e e 2
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_ B GeTe composition..

6. A large discrepancy existed in the reported crystallization

temperature of amorphous $puttered 11,12 and evépqratédl3 Co

GeTe, which heightened the uncertainty concerning. the
' . ) existence of a stoichiometric structural prototype corresponding

to amorphous GeTe. ’

, 7. Structural models for Ge’l‘eg and (';'.e14 have heen proposed

. and 'in the case of Ge15 have received some detailed experimental

confirmation. Weé wanted to accumulate additional data to

s b
S

test the proposed GeTe

i e
"

9 structural model and to decide whether
3 a stoichiometric (i.e., ordered 3-fold coordinaticn) model-could
kY

..m ; also be proposed on the basis of the existence of property

.
B LR

singularities at the GeTe composition,

NN e e 7
.

il

Sy

The results of this experimental program are still incomplete,

. ', but many significant features have emerged. The observations can

) be classified into:

1. Thermodynamic data, including measurements of density, 'I'g,
T <! heat of defect annealing arnd heat of crystallization vs.
composition.

2. Transport data, especially measurements of dc conductivity
vs. temperature and composition before and after defect
annealing. (Measurements of thermopower and optical

absorption of thin ifilms are currently in progress, and will
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3. Crystallization data, tncluding the effect of filin composition.. -

on nucleation ratés.and crystallization products 8. temperature, - .

4, Thermally- stimulated argon effusion from spuitered-GeTe;,.

2.2.2 Thermodynamic Data for GeTe Alloys

We have measured;. in a Perkin sJ’r}l:n‘e‘:_'x' DSG 1B scanning
ca’lorimei;er,‘ the énthalpies of 'Crystallizatijcsn~:and of defect annealing
vs. composition for sputtered:Ge~Te films containing 10~ 60% Ge.
In addition*we have measured the compositional dependence of the
density \o“.f sputtered.amorphous. Ge=Te films., The-dcfect-annealing:
ekperiments provide information regarding the total defect energy
and the kinetics of'defect removal. The heats of crystallization
reveal the energy difference between the amerphous and the
fully crystallized forms of the Ge-Te alloys. These heats can
‘be normalized tn provide heat of formation data for the amorphous
Ge=-Te phase, thereby identifying regions of ordering and regions of
clustering within this system. The density data have been obtained

in crder to confirm these ordering and clustering tendencies.

2.2,2.1 Heat of Defect Annealing

Because the optical and transport properties of sputtered
glassy films are greatly affected by annealing below their crystallization
temperatures, we have attempted to measure the energy differences

between anncaled and unannealed films. We noted in our preceeding
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P;guxfe 2.‘1 Enthalpy change occurring during defect annealing (&) and crys-

tallization (©) of sputtered amorphous Ge~Te films versus. c_;ompoéition.'
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technical report the qﬁalitative obsérvaigon of an e:;'othermic

effect accompanyir'lg, the initial scanning of sputtered film-samples

from ZSQG to Tg, as detected by careful comparison of the initial calorimeter
scan trace and the rescanned trace. Since the optical and trans‘pqrt
property annealing effects vary with film composition in a complicated

way, we measured the compositional dependence of the stored energy

i.e., defect annealing energy) in the Ge~Te system. The data are
‘plotted as- squares in Figure 2.1. A roughly linear increase in stored

-energy. with. increasing-Ge-content.is:observed:

This result, in itself, suggests$ that the annealing process
removes défects which bear no special relationship to stoichiometry,

For ex imple, there is no significant maximum. in A'Hanneal’ at GeTeZ,

as one might expect if the high degree of chemical ordering of GeTez,

inferred from the transport and optical properties of fully annealed

glassy GeTeZ, were significantly enhanced by annealing. It thus
appears that these.defects are physical {i.e., vacancies, dangling
bonds, unpaired:valence electrons, distorted bonds, etc.) rather
than chemical (i.e., a :nonequilib;ium distribution of bond types).

If so, then the defect concentration should scale inversely with the
self annealing which can occur during deposition, which in turn might
scale with the departure of the deposition temperature from Tg or Tx'
Indeed this is roughly correct: The increase in stored energy with
increasing Ge tends to scale with the increasing differential between

the deposition temperature and Tx (Sze section 2.2.3). We rule
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9 1 out gh_esi'élease of trapped argon as a significant contribution
to the defect annealing exotherm, because defect anneal'ingr‘g'cé:'u;s
in a temperature range where less than 1% of thé trapped argon is '

Ly effused. upon heating,

. 2.2.2.2 HéatA of Gw‘gtgllizatélgn
We have measured the heat-of crystallization of amorphéus Ge-Te alloys
from Ge 1 OTego to Ge7 ()':l‘e3 0 in the scanning calorimeter. The data
-were obtained using a 20 deg min'-l $canning rate, which produced
a single crystallization exotherm for each composition for Ge conténts

Y up to Gé 4 0Te Films c;cjntafning more than 40-atomic percent Ge

60°
A oo ciystallized in two or more exothermic stages., ‘For Gel Oq:eg 0 through
Ge‘l‘ez, the crystallization exotherm was always preceeded by a T g
qndotherm, which served as a .convenient marker for distinguishing

the exothermic effects of defect annealing below Tg from .the
exothermic.-effects of crystallization-(above T g), For the higher Ge
content films, such-a natural division is unavailable, and indeed

. , the two exothermic effects tend to overlap to some extent, We have
relied on X~ray-diffraction evidence and on the large rate of increase

of the exothermic effect accompanying the initial stages of crystallization
to separate the observed combined exotherr;) into a defect annealing

x term and a crystallization term,

The data so obtained are plotted vs. composition in the upper
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curve (full circles) inFPigure 2.1, Minima in A HX(X) occur near

Ge32Te 58 and Geso‘l‘e5 0. ‘These features are nore evident when the

‘measured heats of:qrystall,izatzon are referred to an',-absolute enthalpy

scale (as in-Figure 2,2):by ev_élgat;ng‘ AHO(X), the 25°¢ ‘heat of‘férmat{on
of the annealed.amorphous alloys.at 2 5°C versus composition. For

this calculation we have taken the heat of fcrmatiéﬁ; of GeTe at 25°%¢ ‘
as 4 k.cal (gm atc_)m)fnl‘ (30) and-assumed. that the fully crystallized
films contain mixtures of GeTe cry,s‘ta-i’s and Te crystals (if Te > 50
atomic percent) or Ge crystals V(if Ge >«.50:at§mic bvei'ge‘nt). Thus the
straight lines connecting the Te and Ge heats of formation (both

zero by-definition) to the GeTe heat of formation define the heat of

formation of mixtures of eithet pair of crystals. To these valies are

added: the measured heats of crystallization to obtain the calculated

" heats of formation of the amorphous alloys.

In this representation in Figure 2.2, the relevance of the heat
of crystallization to the-chemical ordering tendencies in these glasses
becomes .obvious. The lowest energy amorphous phase in.the Ge-Te

system occurs at the same composition, Ge Tes 0° as the lowest energy

50
crystalline phase. Another minimum appears at ~ Ge33Te67, i.e.,
near GeTez . displaced slightly to higher Ge than the minimum in
Figure 2,1. The region of negative curvature in A HO(X) which appears

between these minima in Figure 2.2 should lead to phase separation

if it leads to regions of negative curvature in the Gibbs free energy.
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Ffigurg 2.2 Enthalpy of formation at 25°C»o\f crystalline and sputtered amor-

phous phases in the Ge-Te system versus composition. Eathalpy of formation

of crystalline GeTe at ZSQC from reference 30.
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’

We have obtainéd preliminary transmission elsctron iicroscope
results which indicate ‘the existence of phase separation prior to
crystallization for the alloy Ge 40 850"

‘maximum negative curvature in the A& 1{8‘(}{) -plot,

Te i.e., riear the point of
We draw the enthalpy minima in Fijure 2.2 as continuous

curves. A simple model for the minima at,GeTg and GeTe can

2
be based on a large-ordering tendency at these compositions., At

GeT'ez/, we assume that Ge is 4-fold and Té is 2-fold coordinated,

and that only Ge-Te bonds are allowed. Addition of Te to this structure
weaker Ge-Ge bonds. The.concentration of these excess bonds
depends linearly on the concentration of excess Ge or Te, so the
energy (enthalpy) of the glass structure would depend only on the
relative bond concentrations. The extrapolations of this model to
pure Te and pure Ge lead to the observed two-fold and four-fold
coordinations observed for those glasses. 'No account is taken in
this model for clustering or ordering tendencies among the excess
Ge~-Ge or Te-~Te bonds, Small departures from complete ordering at
GeTe would lead to the smooth A H 0(X) curve which best fits our data,
At GeTe we assume that the bonding effects which preiuce
the energy minimum for the crystalline phase must cxist for the
amorphous phase as well., X-ray diffraction data9 rule out the
existence of the crystalline short range order in the glass. This

structure is a rhombohedral distortion of the 6-fold NaCl structure,
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yielding-3 near.and 3 slightly less near neighbors of Ge in the

first coordination sheii of each Te, and/vice-versa. A further
distortion, resulting. in only 3 unlike neighbors-in the first
coordination shell (i.e., a 3-fold structure) is consistent Wifhxgné
diffraction data, and would retain most of the ionic'stabilization which
is eésentié;i for a low energy (i.e., ordered) amorphous GeTé phase.
Addition of Te or Ge to such a structure presumably results in the
introduction of some 2-fold Te or 4-fold Ge sites, inasmuch as the
Jpostulated 3-fold.structure .can exist only in local-envircnments -which:
contain equal concentrations of Ge-and Te. ' Again, the addition of
either atom in excess of stoichiometry results in an introduction of
weaker bonds, whose concentration depends linearly on the composition.
And, again, the énergy of the structure ought to vary linearly with

this excess energy and thus with composition. The extrapolation

of these linear regions to pure Ge and pure Te should coincide with

the extrapolations of the G‘eTe2 structure, in that both models treat

the excess Ge-Ge and Te-Te bonds in the same way. Portions of these

two extrapolations are shown as dashed lines in Figure 2,2,

2.2,2.3 Density of Sputtered Amorphous Ge-Te Alloys

We have measured the density of sputtered amorphous Ge~Te
films by weighing a film of known thickness and area deposited on a
thin cover glass slide. To improve the accuracy of the measurement

we have measured the film thickness at 5 points on the 1" x 1"

b 3 &
ST s
¢
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Figure 2.3 Density of sputtered amcrphous films in Ge-Te system versus

composition,
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substrate and have run at lea~st two replicate substrates for

each data point. By these procedures we have reduced the errors

of measurement substantially, and experimental.scatter is approximately
+ 1 - 2% in an average case.

The data so obtained are plotted in Figure 2.3 and reveal
considerable structure. The density minimum in the vicinity of GéTeZp
seems to signify substantial departures from a random (ideal) solution
behavior, ana confirm indirectly the existence of an ordering tendency

at the GeTe2 composition. The density minimum near GeTe, coincides

2
with the enthalpy minimum observed near the same composition. The
approximate correspondence of the density and enthalpy minima seems
in good accord with a fairly open structure for the fully cross~linked
chalcogen saturated composition GeTez.
A word of caution regarding these density data must be

made: while good agreement is observed between bulk and film
defects introduced into films

densities at Ge ard Gels"‘

177%g3 Tegs
of higher Ge content durinc deposition will tend to decrease their
density below that of a defect~free glass. On the other hand,
anncaling does not remove this density deficit in the case of the
Gele

3
- GeSe2 system , but rather increases it slightly. Thus an

2
unknown, compositionally dependent, defect term imust be added to
these data to deduce the defcct-free glass densities.

2.2.3 Conductivity of Amorphous Ge~-Te Films

Measurements of conductivity and electrical activation

eneryy in the Ge-Te system have beon obtained on a series of ~1 ym
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Figure 2.4 Electrical conductivity at ZSPC versus composition for amorphous

GexTe virgin and annealed sputtered alloy {ilms.
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n e

Figure 2.5  Conductivity activation energy at 25°C versus composition for
Ligure .0

amorphous Gex Tel_X virgin and annealed sputtered alloy films. Tangents of

In ¢ versus 1»(!3/}:'1‘ at 25°C were used.
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films sputtered onto e’l,ectroded,}‘.lz() and Corning 7059 substrates. -

The typical ekperiment consisted of a heating cycle in high. purity

.

N, gas:during which log i vs., T was measured at low fields ranging

1

2

from 10"~ to 10"2 \' cm-l. By cycling the sample-up.and down in
temperature the experimenter:-could usually ebserve the same three

stages of conductivity behavior as described in section 2.3: low

¥

temperature virgin region, fully annealeé region, fully crystallized
region. We have emphasized the first two- stages of this behavior ,
and- have plotted in Figure 2.4 and .2.5 the ZSOC values of conductivity
and conductivity activation energy vs,. -composition for:both virgin
and annealed films. Both: annealed curves show ‘@ pronounced singularit'y‘
near GeTez,. The virgin films show a broad activation encrgy maximum
and conductivity minimum near the same composition but displaced
a bit towards Te.

Clearly the chalcogen saturation structural model for Ge’l.‘e2
provides an attractive conceptual framework to account for the
conductivity singularity found at Gce'l‘e2 for the annealed films., In

this view the introductin of excess Te or Ge to GeTe, requires the

2

formation of new short range order configurations; some of the fully

cross linked corner-sharing GeTe,, tetrahedra must be perturbed to

2
form some Ge-Ge or Te-Te linkages depending on the direction
of departure {rom stoichiometry. The electronic states associated

with these perturbed local configurations thus provide a mechanism
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for lowering of the effective band gap relative to that of’GéTeZ .

The. effect of defects is to incréase the conductivity and to
smear out the conductivity and’ actjvation energy singularities
observed for the annealed films at the GeTe2 composition. Thus
the largest annealing effect is to be found at GeTeZ, in contrast to
the enthalz‘ay data which indicate a monotonic increase of defects
with Ge content assuming -all defects have idéntical‘ energies, Note
that the annealed and virgin data asymptotically approach each ‘
other as the Te conceéniration is increased above 85 atomic percent.
As the deposition temperature approaches the effective annealing
temperatura, the condentration of defects (excess enthalpy) in
the virgin films approaches zero (i.e., the extrapolation to
pure Te; see Figure 2.1).

'The curves as presented are incomplete. We are extending
these studies to include thermopower data and data on the Ge-rich
portion of the system. At present we have no data to suggest
any conductivity singularity at GeTe corresponding to the thermo-
dynamic singularity, We anticipate that the comparison of con-
ductivity, optical absorption and thermopower results will reveal
any further singularities in the amorphous Ge-Te system, by analogy
with our results for the GeTe —GeScz system (see section 2.3).

2
2.2.,4 Crystallization Behavior of Sputtered Amorphous Ge-Te Pilms

Wo have been able to sputter thin (~ 500 %) amorphous films
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of Te-Ge alloys over the range from 2.5% Gé to 100% Ge. The

high Te cut-off for sputtering thick (=1 y) amorphous films in.this
system, for substrates held_ at. ~- 2500, appears to. be close to

Tc;g 5Ge5. ‘We have examinéd the thermal, electrical anci structural
mzjlﬁifestations of thermally induced crystallization in thick amorphous
Ge=Te films, using calorimetry, dc conductivity and X-ray diffraction
experiments. Additional structural data have been obtained on the
thin films using electron diffraction and microscopy. Optical
microﬂscopic'observations have also proved useéeful.

‘The goals of the thermal studies have been to observe the
compositional dependénce of Tg and Tx and to measure the heat
released during crystallization, These samples were therefore heated
relatively rapidly (20 deg inin-l) in order to obtain the maximum
calorimetric sensitivity without introducing appreciable thermal lag.
At this scanning rate crystallization of both Te and GeTe
occurs in a single exotherm for alloys ranging in composition from
Ge, Te,, to Ge

10890 40T%60°

relationship to 'J.‘g as a function of composition is plotted in Figure 2,6.

The temperature of this exotherm and its

Of the alloys reported in Figure 2,6, only amorphous GeTe
shows two exotherms, an unsuspected result in view of the fact
that it can crystallize to a single phase. X-ray analysis shows
that the first exotherm vields the rhombohedral form of GeTe (i.e., the

stable low temperature modification) and the second exotherm results

in further GeTe crystallization accompanied by Ge crystallization, Thus

%
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’figure 2,6: Glass transition temperature (@), beginning of crystallization
exotherm (@) and peok of crystallization exotherm (&) of sputtered amorphous
Ge-~Te alloys heated at 20 deg. min, in a Perkin Elmer DSC-1B Scanning

Calorimeter versus. composition,
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a departure from stoichiometry towards' Ge appears £o account

for the discrepancy. We will obtain microprobe analysis ‘to

confirm this iuterpretation,

Te

Note that Tg (x) increases  smoothly from Ge 10 €q0 to

B . GeTe,; beyond which no glass transition is observed. For higher

' Ge content films, crystallizatiofi occurs l;efore any calorimetric
manifestation of a glass transition, This observation is apparently
1 independent of the.rate of temperature increase up to 80 deg minﬁl.«
; While the absence of Tg in amorphous C-‘;e6 could be *viewed7 as an
analogy to the thermal properties of glassy G@Qz and .SiQ‘z.,. whose
P structures can also be described as tetrahedrally coordinated random
networks and which also lack any evidence of Tg, the abrupt cut-off
3 of Tg in amorphous Ge-Te alloys nearG‘eTez appears to be a con-
sequence of other factors. Rather than concluding that the fluidity

transformation associated with Tg occurs without any thermal

manifestation (e.g., the SiO

g LR L R

2 or GeO2 case), we conclude that

crystallization of amorphous Ge-Te alluys containing more than

v ot e

about 33% Ge occurs as a solid-solid transfornation, In other

s 1 o Nt 2

werds, the amorphous material technically devitrifies rather than
undergoing a transition to the liquid state prior to crystallization.

Indeed, the intersecting trends of Tg and 'l‘X with increasing Zie

content above Ge30'l‘e70 seem to sug jyest that the Tg phenomena
is experimentally inaccessible due %o prior crystallization,

16
Normally such a transformaticn is ruled out  on kinetic

Y 2Rl I - -
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grounds; the atomic mobility required to produce measurable

crystallization:of -the glass is not attained below Tg.n However

in the presence of suitable nucleating points (normally heterogenzous

nuclei), atomic motion within the glass is not required; only motion

of atoms at the glass~crystal interface is required, While the

atomic mob;lity at this interface is normally equated with that of

the bulk amorphous phase IG, either the presence of impurities or

the existence of significant structural differences between the

interface and the bulk amorphous phate can invalidate this assumption,

The large differences in the crystallization temperatures reported

for amorphous GeTe prepared by evaporation13 and rf sputtering12

may provide support for the role of impurities in catalyzing (or

inhibiting) the devitrification trans formation of amorphous GeTe.

Alternatively, the motion of defects introduced during the deposition

process may enhance the self-diffusion coefficients in the glass to

the point where the atomic mobility is sufficient to allow crystallization.

Again the nature and concentration of these defects (broken bonds,

high energy SRO clusters, etc.) may depend sensitively on the

deposition parameters of the {ilm, independent of the impurity content,
In order to identify - structural transformations associated

with the progressive thermal crystallization of the amorphous Ge-Te

alloys we annealed both non-electroded and electroded substrates in

dry nitrogen, measuring in the {irst case the effect of anncaling on

the X-ray diffraction patterns, and in the second case the temperature
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dépeﬁdeﬁcé of the dc conductivity. In these studies the annealing
temperature was <<;itﬁer held fixed (X-ray expérim‘ents) or-changed
slowly (ca.. 3 deg min"1 in the conductivity expei*imehts); These
procedures, together with the thermal sinking provided by the

substrates, assured that no appreciable self-heating of the films

-y ’ ) could accompany -crystallization, resulting in a more detailed.
picture of the crystallization sequence than could be :obtained by

rapid scanning in the calorimeter.

Optical microscopy of partially crystallized films containing

25, 30, 33 and 50% Ge revealed the presence of spherulitic crystallites

> embedded in an amorphous matrix, These crystals appeared to nucleate
o ,; ’ heterogeneously at defect sites on the surface of the film, and ranged
-2
SR in.concentration from 103 to 106 cm ., All the other films showed

some sort of mottling on a sub~micron scale accompanying the early
stages of crystallization, but the fine scale and the interfering
elfects of surface rumpling associated with the release of trapped
argon inhibited detailed optical observations in these cases,

The most significant feature of the X-ray di flraction experiments
was the identification of three crystallization regimes for amorphous
Ge-Te alloys containing up to 50% Ge, The high Te regime, extending
to 25% Ge, exhipbits the two siage crystallization reported by Messier
and Roylz. The first stage o crystallization begins just above Tg

and involves the formation of fe erystals, while the second stage
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of crystallization occurs at a uniform temperature of 230 + lOOC

and involves the formation of GeTe crystals accompanied by more
Te”. As the Ge content approaches 30%, 'J;‘g approaches 220o or so,
and the two crystallization events merge, resulting in the simultaneous
crystallization of GeTe and Te in alloys containing 30 to 36% Ge.

For higher Ge contents the third crystallization regime is encountered,
in which GeTe becomes the initial crystallization product beginning

at a. progressively lower crystallization temperature as the Ge

content is increased from 36 to 50%. For Ge,.Te

407760'
GeTe begins to crystallize at ~ 18000 and crystallization of GeTe

for example,

is joined at ~ 22000 by crystallization of Te. Simultaneous
crystallization of GeTe and Te procceds above 220°C.

These results, together with optical microscopy of the sume
films, suggest that the nucleation tendency of Te in amorphous Ge-Te
alleys decreases with increasing Ge content, becoming negligible

r Ge concentrations exceeding 33%, while the nucleating tendency
of GeTe in amorphous Ce-Te alloys is negligibie for Ge concentrations
less than 33% and increascs sharply with further (Ge concentration.

In the vicinity of GeTe X neither phase has a large nucleation rate,
resulting in the observed very low nucleation density., Thus in

order {or a glass in the Te-rich regima to crystallire completely, it
must become sufficiently enriched in Go by tellurivin crystallizotion to
nucleate germaniun telluride, Conversely, a glass in the Ge-rich

regime (i.c., between (:U'%(:TCG'} and Cu T“’»U) vill initially

50
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crystallize the telluride, rejecting Te into the residual amorphous
phase until tellurium can nucleate. The compositional range in
which both Te and GeTe can nucleate correiponds te the intermediate
alloys (i.e., Geso'l‘e,/.o to Ge36'l‘e64) which crystallize Te and GeTe
simultaneously at about 230-—24000. This diffusion model for the
observed nucleation barrier to second phése crystallization in the
amorphous Ge-Te alloys accounts nicely for the obscrved constancy of
second phase growth between 220 ~ 24 OOC tor slow heating rates.
Some {urther comments on the compositional dependence of
the Te and GeTe nucleation rates can be offered. OQur structural
modc-:l3 for amorphous phases in the 0 -~ 33% Ge portion of the Ge-Te
system involves a progressive climination of Te~Te Jinkages with
increasing Ge content, We cannot presently deterinine the siatial
distributicn of these Te chain segments., If they are clustered
together, then such clusters obviously provide potential sites for
the nucleation of Te crystals. Conversely, the high rate of GeTe
nucleation in alloys containing more than 36% Ge may perhaps be
taken as an indlcation that the short range order of crystalline
GeTe exists, albeit in a distorted condition, in glassy alloys of
similar composition., By this we imply that glasses near Gele in
composition may have 3-fold coordination rather than a miture ol
2-fold (T¢) and 4-fold (Ge) corrdination, Tinally, the relative difficnliy

of nucleating cither GeTe or Te in the vicipily or Gove | snby v, coain

T P
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indirectly, the tetrahedrally coordinated random nétwork structure
model for this composition, which shares no-common features with
the SRO of either crystalline phase.
Dc conductivity was measured versus témperature for all
the Ge-Te alloys as reported in section 2.2.3, and these measurements
. were cxtended into the temperature regime where thermally induced
crystallization occurred, Two categories of crystallization effects

were observed, corresponding more or less to the high nucleation

rate regime (both Te-rich and Ge-rich) and the low nucleation rate
y: regime. For high nucleation rates (i.e., very {ine scale crystallization),
progressive crystallization produced a gradual conductivity transition,

resulting in departures from the intrinsic behavior usually observed

prior to any crystallization. The resulting plots of log ¢ vs. 1/T

at intermediate stages of crystallization can.ot be simply analyzed,
displaying a progressive flattening with increasing reciprocal temperature.
Such a plot is chown for an analogous quaternary memory alloy,
GelsTe8ISbZSz‘ in Figure 2,7. ITowever for low nucleation rate alloys
such as GeTcz, the initial stages of crystallization are harely

detectable; the conductivity is shifted uniformly upward without change

in activation energy. This process can continue for as many as two
decades, at which point a 2 dimensional percolation path becomes
established and the conducti;rity instantly jumps‘to the temperature

independent Jevel associated with the crystallized material (~ 10§2~1cm—1).

An ecxample of such behavior js  hewn in Tigure 2.8,
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Figure 2.7 Dc conductivity versus reciprocal temperature for a sputtered

3 ” . » 0Y O (4 « o o
1.2 pm thick film of TeBlGCISSbZSZ’, 1(?8 C 60 minute curve corresponds to

amorphous film; annealing al successively higher temperatures caused suc-

cessively more cryslallization of tellurium.
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2.2.5 Thermally Stimulated Argon Effusion from Sputtered GeTe

2
The rf sputtering process occurs in an argon atmosphere at

approximately 7 millitorr pressure. Sputtering onto unbiased substirates
results in a significant level of argon entrapment., We have measured
argon concentrations in sputtered chalcogenide films ranging up to
several atomic percent, and have discovered that the temperature
dependent rate of release of the trapped argon can give information
concerning the accompanying phase transformations and the argon
mobility in these various phases. An introduction to this technique
and its application to sputtered amorphous,G'x.e'l‘e2 is given in the
article by I-‘agen4 (section 3.4.3 and Appendix 1). We shall therefore
limit our remarks here to a brief summary of this work and to the
presentation of some recent results which extend it,

The sequence of phase changes which occur during the heating
of amorphous Ge'l‘c'az has been well characterized by scanning calorimetry
and x-ray diffraction studies. Below the glass transition temperature,
Tg = 23000, the amorphous phase is kinetically stable, Crystallization
is not obsecrved below this temperature, although annealing below T
does produce significant changes in optica13 and electrical18 properties.
A significant question is whether the release of trapped argon might
account for these changes. Fagen tentatively concludes that this
possibility is excluded because less than one percent of the trapped
argon partial pressure is, however, observed below Tg , indicating

a finite mobility of argon atoms through the interstices of this glass,

:
i

i
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fAbove-‘Ifg the atomic mobility of the Gevand Te atoms is
assumed to increase rapidly with tempeiature, byi@analégy to other
liquid systems at corresponding temperatures. An increase- in the
slope of the argon partial pressure versus temperature is observed
at this point, indicating an increased mobility for .the trapped argon
atc;ms as w"ell. The increased atomic mobilities lead, in tum, to
ctystallization, which occurs for this alloy as the simultaneous spherulit@g
precipitation of Te and GeTe crystals over the approximate temperature
range of 240 - 280°C (see section 2. 2). The argon partial pressure
curve has a maximum in the same temperature interval, suggesting a
competition between the increasing mobility of argon in the liquid
state and the decreasing volume fraction of liquid as crystallization
proceeds.,

Between the end of crystallization and the beginning of melting,
the crystalline phases are thermodynamically and kinetically stable.
In this temperature rangc the argon partial pressure increases ncarly
exponentially with temperature , indicative of another regime of thermally
activated argon mobility, in this case occurring either within the
crystalline GeTe and Te phases or along the boundarics between
them, Below Tm and at this heating rate, most of the argon is
retained sn that the effective supply of argon atoms is essentially
unlimited,

At about 380°C, the GeTe, sample begins to melt by transforming

2

into a mixture of Gcl7'1‘0 cutectic liquid and residual GeTe crystals

83
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in approximately equal volume fractions. This event is accompanied-

~

by an abrupt increase in argon partial pressure, reflecting the

G 2 E N e L

substantiailyhigher argon mobility in the liquid phase. As heating

RE
i

continues, a progressively larger volume {fraction of the liquid phase

is formed, presumably increasing the supply of argon available to the

high mobkility liquid state diffusion and B{fusion processes. Counter~

balancing this increased supply is the rapid rate of argon exhaustion

= ‘“’”‘W@]W‘?m“%'um% e

produced by the rapid effusion. At about 480°C nearly all the GeTe

has melted, and nearly all the argon originally trapped inthe sample :
:E? has been expelled, leading w0 a rpaid decline in argon partial pressure ]i
% which reaches the backgropnd level by the end of the experiment. i
‘? These sequential stages in the temperature dependent argon f
f release kinetics can bhe further clarified by subjecting a sample to ‘f
% i
i sequential heating cycles which terminate at certain of the phase %
% transition temperatures. In Pigure 2.8 we have plotted the results i
of such an experiment, and compaied them to the electrical conductivity |

of a comparable sample subjected to the same sequence of heating
cycles, IHere the conductivity change with annealing and the argon
effusion below T g can be compared directly, confirming the absence

of any obvious corrclation between them. The thermally activated nature
of the argon effusion process within any single structural regime

(.e,, cither glass or liquid or crystalline) is again apparent, but
another characteristic feature of the effusion kinctics now emerges:

the effusion rate at a given temperature is significantly less upon
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Figure 2.8 Comparison of conductivity (left hand scale) and argon effusion
rate (right hand scale) versus temperature for sputlered amorphous GeTez.
Data obtained in these separate thenﬁal cycles: A, 50 - 205°C (.e. to

completion of defect annealing); B, 50-—270°C (i.e. to completion of crystal-

lization); C, 50 - 470°C (i.e. to completion of argon release). I:Ieating rate

~ 5 deqg., minnl.
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reheating the sample to that temperature, indicating. that the
effusion rate at constant temperature decreases with the time
spent at that temperature, even though the total argon content in the
sample may be only slightly changed. These observation ia turn
indicate that we can consider the total argon content of the film
to be present in the form'of several species. Dach species involves
a different environment of argon atoms which has its own activation
energy (or distribution of activation energies) for release of argon.
Isothermal effusion studies would be required to sort out the detailed

mechanism of argon migration and cffusion within cach structural regime,

2.2.6 Conclusions Regarding Atomic Structure of Amorphous Ge-Te Alloys
We have presented a variety of property measurements on sputtered
amorphous Ge-Te alloys, and additional work on these alloys is
currently in progress. These results permit the formula‘;ion of
structural models which describe the chemical bonding in the amorphous
Ge-Te system as a function of composition,
Apparently an ordered covalent network predominates for
amorphous structures between Tec and GeTez . The progressive increase
in anncaled electrical gap with the elimination of Te-Te bonds, and
the increase of T g with the addition of Ge cross-linking points give
indirect support to such a model. The existence of 'l‘g and Eg maxima
and enthalpy and density minima at or near Gc’l‘ez are in full accord
with a completely cross=-linked ordered structure at this composition.

The addition of Ge to amorphous G0'1‘02 does not produce the

- VU |4
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smoothly varying properties which accompany the addition of Te to

GeTe2 . Instcad, the enthalpy data indicate a large negative departure

from the ordered covalent network predicted mixture of 2-fold Te and

Pa VA v b LGS A R T

4-fold Ge, leading to a minimum at GeTe. This result can only be

X

s reconciled with a strong ordering tendency for the GeTe composition,

gy

which in turn can only be reconciled with the X-ray data by postulating .

the existence of a {fully ordered 3-fold coordination of Te and Ge at

b s i

GeTe. No conductivity singularity accompanies this structural

G- 0

singularity, perhaps because in this case the ordered phase has an

.
[V VIV PRI R

electrical yap whidh lies near the gaps of the two pure end member ;

amorphous phases, Ge and Te.

S AR S LA

These 1models, while supported by other indirect observations such

? as relative ease of nucleation of crystalline Te and GeTe throughout the
f system, clearly demand direct experimental verification, It has

3

; been shown hy Bienenstock, et al9 , that the neutron diffraction

E RDF for amorphous GeTe would distinguish between the 3-fold and

z

the 2-fold plus 4-fold models. We fecl that the time and expense

required to sputter or evaporate a sufficiently large sample of amorphous

GeTe for neutron diffraction would be well invested in terms of the
scientific reward to be obtained, and hope to be able to collaborate

on such an cxperiment in the near future. The proposed structure of
Ge’I‘oz, especially the presumed lack of Ge~-Ge and Te-Te bonds in this

alloy, will be the subject of additional X-ray RDI' experimentation
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in an effort to compare the observed X-ray diffraction with well
verified tetrahedrally coordinated random network structures such

as SiO2 and GeOz. In the meantime we {ind the proposed structures
to be useful working models and are continuing our efforts to collect
11;ore indirect data in support of them. In addition we are investigating
direct diffraction evidence of longer range correlation in these glasses

and in the system C‘—.e’l‘e2 - GeSeZ. This work is still in a preliminary

stage.
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Sputiered Amorphous G,eTe2 - GeSe2 Alloys: New Transport Measurements

And- Proposed Band Model

2.3.1 Introduction
As noted above, the prototypical amorphous chalcogenide GeTe2
has received considerable attention at ECD by virtue of its stonichiometric

and possible structural analogy to SiO., 'GeO, and other tetrahedrally

2’ 2

coordinated random network glasses., In these glasses, a single
chemical bond type, i.e., Ge-0, Si-O, etc., is found to account

for the observed structural and physical properties. Abundant evidence
has accumulated in the course of our studies to indicate that similar

chemical ordering tendencies are significant {or botu GeTe,, and GcSez,

2
justifying our emphasis on the properties of these materials and mixtiures
of them, In this section we present some unpublished rgsults on the
photoconductivity of GeTez. In addition we have obtained extensive
new data for the temperature dependence of thermopower and the effects
of anneal ing on the thermopower for sputtered amorphous Ge’l‘ez—GeSe2
alloys. The new transport measurcments, including some refined

dc conductivity data for the same pseudo-binary alloys, have been
combined with our previously reported <uical absorption rcsul‘cs2

to construct a simplified band structure model which largely accounts
for the optical and electrical properties of the virgin and annealed

alloy films.

2.3.2 Photoconductivitly of GeTe

2

2.3.2,1 Introduction

Band stracture models for aw-vphous semiconductors characteristically

4
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assume a high density of low mobility, spatially localized states in

the tails of the valence and/or conduction bands. The existence

of these states is inferred fiom photoconductivitylg, ac conductivityzo,
high-field conductiv1ty21, and from a varicty of other transport
prope:‘tieszz. However, none of these measurements by itself is
capable of defining the density of such’states as a function of their
energy or their posi-ion in space.

Nevertheless, a new analysis of photoconductivity results which
places strong constraints on the allowable density of states has emerged
~rom collaborative efforts betwecen L. A, Fagen at ECD amd R. Rube
and T, Arnoldussen at Stanford University. This model (A.B.T.) is
described in detail in a paper23 by these authors which is included
in appendix 1 of this report. The application of the A.B.I'.model to
the calculaticn of certain of states parameters for virgin and annealed

sputtered amorphous CGeTe,, {ilms is described below. We have

2
mphasized the low temperature photoconductivity regime, i.e., thf-:

temperature x:ange in which ilme photccurrent dominates the dark current.,

In this regime the te perature dependence of the photocurrent is

conwrolied primarily by recombination traffic through one or both

sets of localized states. Thus the density of these localized

states can be inferred from the temperature dependence of photo-

current, T'or the G(.-T«e2 study we were primarily inicrested in the

effect of annealing of the virgin films vpon the calculated density

of (valence band) trapping states,




2.3.2.2 Dxperimental Results and Model Calculations A2

The photocurrent and the dark current (with its current scale

displaced downwards by 103) for virgin and annealed GeTe, are plotted

2
for several light intensities as a function of reciprocal temperature

in Figure 2.9. The experimental details are more fully described

in that figure caption. All the photocurrent curves obtained display
‘the familiar max:imum near the t.emperature where thz dark current

and photocurrent are equal, with thermally activated regions at
higher and lower temperatures. The values of certain band structure
parameters have been calculated from these data by use of the A.B.F.
model as shown in FPigurc 2.10. The decrease in low temperature

photocurrent accompanying the annealing of GeTe, appears to result

2
k3 1] & . * (] 2
primarily from an incrcase in EV , @ parameter which characterizes
the width of the valence band density of states tail, However, the

relative increase in L. (119%) is less than the relative increase in

x
\
Ec (23%) ~ 2 Ef, indicating that the width of the calculated valence
bhand tail relative to th2 band gap decrcases slightly with annealing
.f the results are normalized for the accompanying increace in band
gap. Thesec calculations provide an exceedingly helpful qualitative
assessnment of the role of anncaling in affectinv the density of states
function; however the quantitative results are sufficiently dependent

upon assumptions inherent in the A.B.T. mwlel to require cenfirmation

by other techniques.

«3.3 Thermoelectric Power of GeTe, —_;__G_r:_.ic,z Alloys
3.3

2
2,3.3.1 Introduction

Although an attempt to provide a dctailed analysis

et i s
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Figure 2.9 Temperature dependence of photocurrent and dark current in 0.5 pm

sputtered thin film of GeTe, with coplanar molybdenum electrodes, before and

2

after annealing at ZOSOC, for two different intensities of illumination. Inten-

sity of A= 1015 photons/cmz-sec at a wavelength of 1.0 pm.
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Figure 2,10 Band structure parameters determined {from the data of Fig. 2.9
by the methods of Ref. 23, under the assumption that transitions between seis
of localized states at PC* and EV* dominate the recombination traffic. In order
to assign numerical values to the various densities of states, the following
disposable parameters have been chosen: the microscopic band mobility
/uoml cmz/ V-sec, at all temperatures; the capture coefficient for a nuetral

O -
trap C #* 10 cm3/sec; and the capture coefficient for a negatively charged

trap C ~ 10'-S cm3/sec.
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of the temperaturée and composition dependence of thermopower
involves the entire spectrum of transport and band structure
parameters, a two band semiconductor model serves to identify

the majority carrier type and the relative roles of majority and minority
carriers. The applicability of such a medel has been confirmed by |

4

. . . 8 . ;
our earlier studies - by noting a close correspondence in sane

cases between the slope of the thermopower, S, vArsus reciprocal
tem.perature and the electrical activation energy. Knowledge of the
majority carrier type versus composition or structural state (in the
case of annealing effects) can be-combined with conductivity and
optical absorption data within the context of the band conduction model
to vield the approximate positions of the valence and conduction
band edges and the Fermi level.

We selected the G‘:e’l‘e2 - C-}eSe2 sputtered amorphous film i

system for detailed thermopower measurements, because of our

extensive experience with optical, electrical, and thermal studies

U

of these filmsz's. We wished also to study the effects of a changing
band gap in a chalcogenide system whose atomic s tructure could be
considered more or less fixed. TFor this pseudo-binary we consider that
the short-range order consists of tetrahedrally coordinated Ge atoms,
connected by Ge-Te-Ge and Ge-Se~Ge linkages in such a way that
essentially all bonds are either Ge~Se or Ge-~Te. Furthermore, the
thermal data ('1‘g (x)) would be inconsistent with any significant clustering

tendency among like bonds and X-ray diffraction revealed none of the

features associated with phase separation, even after long anncals

e e =
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just below Tg. Thus we visualize this system as a potentially

ideal random solution of Ge-Te and Ge-Se bonds.all sharing a

common coordinétion structure, The accumulating evidence for such

a simplified structural model permits the analysis of thermopower, a

subtle transport behavior probe, without introducing arbitrary structural |

.hypotheses (e.g., phase separation, partial crystallization, etc.)

to accour;t for t.he observed results. In addition, both the positional

and compositional disorder favor a CFO model in the density of states.
An asdditional complexity arises in conjunction with the analysis

of electronic transport in sputtered amorphous semiconducting films,

involving the rele of defects in-controlling the band structure of the

films prior to any annealing. We have observed and reported the effects |

of annealing upon the dc conductivity, optical absorption and thermo-

2,3,18

power of several GeTe,-GeSe, alloys , and have observed these

2 2

effects in most other sputtered amorphous samples (except those whose :
'l‘g is below about 130°C and which presumably anneal during deposition),
These changes in band structure with annealing appear to occur at temp~
eratures where atomic mobilily is negligible, and, indeed, we can {ind

little X-ray evidence in the chalcogenides for significant atomic re-
arrangements accompanying them. Extensive studies ~f analogous effects

in evaporated and sputtered amorphous Si and Ge thin film525 have been
interpreted in the past in terms of the removal and coalescence of

voids whose interior surfaces contribute localized defect statos,
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smearing out the top of the valence band. As these'voids are

removed, or as their surface area is reduced via coalescence, the

concentration of these defect states is reduced and their dominance

over bulk electronic properties, at least at high temperatures, is

lost. To our knowledge, the density of states function {or a defective

amorphous Ge or Si sample has not been experimentally determined, so

the nature of the assumed band smearing and introduction of the defect-

associated localized states is still speculative. More recently our

own work (see section 3 and Appendix II) has clearly demonstrated

a structural distinction between sputtering and other forms of

deposition., The difference due to impurities makes a singificant

contribution to the density of states and attendent optical properties.,
For Si and Ge, no Tg has ever been observed either thermally

or mechanically (i.e., via a direct measurement of viscosity), and

our own observations of the thermal annealing of defects in sputtered Ge

indicate that crystallization begins before defect annealing has terminated.

One ultimate goal of our materials survey work is to corrclate band

structure and electronic properties with atomic structure. Clearly,

then, the annealed amorphous solid with well known atomic structure

is the ideal point of departure. The GeTeZ - GeSe,, sputtered alloys

2
meet this requirement because they all have demonstrable Tg's, indicating
that any structural defects introduced during sputtering can, in principle,

be removed by anncaling at or above Tg before any crystallization can

occur. The changes in clectronic properties {(optical absorption and

P ol
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transport) which aco mpany defect removal can be considered as a.
bonus, providing an indirect description of the band structure of the
defective glass.

2.3.3.2 Experimental Results

The temperature dependence of the thermopower of various

alloys in the GeTe

9~ GeSe2 system is shown in Figure 2.11 in which

T

we have plotted the Seebeck Coeificient, S, versus reciprocal absolute

temperature for the virgin and for the fully annealed films. A plot
of the conductivity and conductivity activation energy AEO, at 9600
is shown in Figure 2.12. The virgin films all obey the relation S = BT—l-C,
and the values of B correspond approximately to the relationship eB = I.\E;}, i
where A EO is the conductivity activation enexgy. Since S and B are
positive for the virgin (defective) films, and since eB & A Eo’ the
intrinsic semiconductor model indicates that the motion of holes in
the valence band is the dominant conduction mechanism for all of the
virgin {ilms.

A progressive increase of the effect of annealing upon S is
observed with increasing GeSe2 concentration, as indicated in Figure 2.11.
Alloys containing 50% or more of the GeSe 5 component (including our
preliminary results on the 90% and 100% GeSe2 alloys) have hegative
Seebeck coefficients for all experimentally accessible temperatures,
Only for the GeTe, alloy does the one band semiconductor model appear

applicable to annealed alloys. Tor this alloy eB # +AFE 0,1ndicating

hole conduction in the valence band. FPor intermediate alloys, a
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Figure 2.11 Thermopower (Seebeck coefficient S) versus 103/T for amorphous

(GeTez)

1-x (GeSez)x virgin and annealed sputtered alloy films.
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"" energies.
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mixture of electron and hole conduction appears to affect the
value of S in accordance with the two band semiconduct ,r model

predictions:

o} o

A
h- e k o B +A) (1)

S = Oh + 0e E(W T2k

Considering the compositional dependence of ABO and B for the
annealed alloys, as S and f decrease, AEO increases, indicating a

progressive increase in o, relative to ¢, as Se is substituted for Te.

h
The detailed effects of annealing vpon thermopower and
conductivity emerge from an examination of S and ¢, edS/d(1/T) and
AEO, at SGOC versus annealing temperature, as plotted in Figures 2.13
and 2.14, respectively. If data ot 9600 were unavailable due to
experimental limitalions, the original data were extrapolated to give
points at QGOC. Such extrapolated information is indicated by broken
lines in the figures. Note that the entire change in the conductivity
(aside from crystallization) takes place below '1‘g and does nol change
in the vicinity of Tg. The values of 8 and ¢dS/d(1/T) continue to show
anncaling effects above Tg, indicative of subtle changes in transpat
mechanism which are not reflected in the conductivity itself. We
speculate that these changes in S al or above T‘:J are associated with
minor changes in short range order. These arise because the sputtering
process produces the glassy phase under conditions waere atomic
mobility may be extremeacly limited, leading to a highey energy bonding

configuration (less short range ord or) in the sputtered ¢lass than would




52

Figure 2.13 Thermopower and elecirical conductivity at 96°C versus anneal-

ing temperature for sputtered (GeTez) l-x (GeSez)>_ alloys. Small arrows in

the lower figure indicate glass transition temperatures. The large arrow for

GeTe2 represents crystallization.
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Figure 2.14 Elecirical conductivity and Scebeck coefficient activation ener-
gies at 96°C versus annealing temperature for sputtered (GeTez) 1-x (G:eSez)x

alloys.
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prevail in the supsrcooled metastable liquid state at Tg. However
this ordering tendency appears ‘to be an inadequate explanation for
tifé\a’rirﬁéaling\ effects which occur for both S and ¢ well below Tg,

-dué-td the véry _lpw predicted atomic mobilities at these temperatures.

I{i}‘ms: The Effect of Annealing

2.3.4 A Band Tevel Plculse of Gele, - GeSe,

¥
In this section we combine our new transport measurements with our
2,3
earlier optical absorption data ' to present a unified picture of the band

structure of GeTe2~GeSe alloys as functions of compesition and state of

2
annealing., As might be anticipated, the gross {eatures of the band structurn, .
i.e., the positions of the band cdges and the FPermi level, are more easily
determined than the subtle features such as the density of states within
the gap. Of the measurements here reported, only photoconductivity yields

_information concerning these states, information which must be derived
indirectly (according to our present models) by a consideration of the
transport of photoexcited carriers in band states. Until a more satisfactory
method of directly measuring the density of states is available, the indirect
approach via photoconductivity remains the most suitable approach.

In the model building described below, however, we shall ignore
the localized states. These partially filled low mobility states manifest

.themselves indirectly in this model through their role in establishing the

Fermi level, whose position will in cffecl be treated as a disposable parameter,

The model we have chesen, tiien, corresponds in general Lo anasymmelrical two
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band semiconductor, and the only paramecters to be determined are the

band gap and the I'ermi level as functions of composition and state of anr.eal,
The ratio of the measured electrical activation energy, AEO, to the

"optical absorption gap", AEopt (arbitrarily defined as the energy at

which the absorption coefficient, o, equals 104 cm'-l)2 is plotted versus

composition in ngre 2.15 for both-virgin and annealed materials, For

annelaed (GeTe G‘.eSez)x films, this ratio peaks near x = 0,5, while

2) l—x(
the thermoelectric data indicate p-type conduction for x §0.4 and n-type
conduction for x -2-0.5. We thercfore propose that in annealed compositions
from x = 0 to x = 1, the Fermi level starts below the gap center, passes
through the gap center at x = 0.5 and slays above the gap center for x S 0.5.

4 cm—l) data to the gap center at x = 0.5

By normalizing the /.\Eo/h w (10
for the annealed state, the relative position of the 'ermi level in the gap

can be plotted for the alloy system, That is, atx =10.5, i

E.-L E -I AL E,-E |
Ef - EV = EC ~ Ef = 0.5. Assuming that —-'—;lo—-'__l = G H %
c v o v hw(l10 cm 7) c v
E -E
forx = 0.5, and G 'Eg—:-i-— for x 2 0.5, with G independent of composition
c \

and determined at x = 0.5 for the anncaled state, the band edges and I'erini
level are shown in Figure 2.16 for the annealed state. Using the same

value of G for virgin materials, the energyy levels for virgin alloys are

L

. given in Pigure 2.17. Since it is also assumed that BC~ Ev = hw(104cm—
in these figures, the vertical scale is only approximate.
The choice of another convention for EC - EV based on optical absorption

would not greatly alter I'igures 2.16 and 2.17 although the vertical sc¢' s would
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Tigure 2. 15 Ratio of conductivity activation energy to "oplical gap" for virgin

and annealed sputtered (GeTe (GeSe?)y alloys. Tangents of Ingversus

2)1—x
103/1:'1‘ at SJGOC are used for activation energies and the photon energies for
which the optical absorption coefficicnt cquz;ls 104cm"1 arc used as "optical

gaps".
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e

Pigure 2.16 Energy level diagram versus composition for amorphous annealed

(GeTe,) (GeSez)X alloys showing relative positions of valence and con-

2

duction band (or mobility) edges and the I'ermi level. Vertical scale is up-

1-x

proximate.
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Iigure 2,17 Inergy level diagram versus composition for amorphous virgin

(GeTe (GeSoz)X sputtered alloys showing relative positions of valence

2) 1-x
and conduction band (or mobility) edges and the Fermi level. Vertical scale

i approximate.

-
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be changed. Also, G as defined above probably is nol completely .
independent of composition and annealing, but it is unlikely, in this
simple pseudo-binary with one Group VI element being replaced by another,
that G varies drastically.
The following qualitative features of 'igures 2.16 and 2.17 are independent

of the quantitative assumptions:

¥

1) In virgin materials E_ is on the valence band side of the gap for all

£

compositions.

2) E. is further from the gap center for virgin materials than {or annealed

f

materials,
3) Annealing moves the Fermi level away from the valence band at all
compositions.

4) Annealed GeTe, is p-lype, whereas annealed GeSe, is n~type (bascd

2 2

on an extrapolation from x = 0.9).
5) The ratio ]Ef/ r’EC - EV) of the annealed alloys moves continuously from
<0.5 to > 0.5 from Ge'l‘e? o) GeSuz.

6) In virgin materials, alloying brings I, away from the valence band,

{
as evidenced by Ef/(Ec - EV).
7) Ms previously known, annealing increases the band gap.

Speculations on the explanations of the above ieatures:

1) Virgin Materials are p-type becausc the valence band edge is sharper

and GeSe,

than that of the conduction band cdge. Mixing GeTe 9

2

reduces the sharpness of the valence hand edge, resulting in the

small rise in Al)o/h ) (lOdcmnl) {or mixed virgin m terials in Tig, 2.15.

- B e ey W o T
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2) Annealing sharpens the conduction band edge more than it affects
the already sharp valence edge.
3) Annealed C“-;eSc«:2 and GeTe2 have opposite conductivity types in spitc
of the assumed structural similarity. “This is not understood, though
it is provocative to note that the trend is in the same direction as
foundZG for a number of III-V and II-VI crystalline semiconductors; i.e.,
the tendency toward n-tyne (p-type) behavior due to native defects
increases as the atomic number of the cation decreases (increcases).
The effcctiveness of such a simplified model in accounting for the
observed optical and transporl properties is pleasing. The effect of anncaling
upon the 'eimi level begins to provide an indication of the density and depth
of the electronic states associated with the defects. In future studics we
hope to use ac conductivity Lo help map the reletive densities of the localized

states near the Ferni level as a function of anncaling history.

2.4 Survey Studices of High T, Ternary and Pseudo-"crnary Chalcogenide

o
Syslems
2.4.1 Introduction
Qur survey of chalcogenide glasoes has emphasized the :

relationship between chicmical composition, atomic structure, and the
glass traneition phenomenon, Inasmuch as crystallization and softening
are the most probable cavces of failuie for any amerphous alloy device,
whe.aer opticil. clectrical or structvral, we have focu: e+l congiderable

cliott on the doteriein s of ’l‘q, Vhich otien detaimines the threshoald
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for cryslallizatirn and flow phenomena. Our initial approach to
this problem was to assume that the chalcogen saturated compositions,
(i.e., thcse whose stoichiometry allows for complete cross-linking

of the chalcogen chains or rings to form a random network of the Gf—zS2

or A5283 sort) or mixtures of them, would lead to the highest Tg‘s.

The results presented in the {irst two Semi-? hnual Technical Reports

L

. Y,2 . ., . . .
of this contract”™ " indicated that maxima in T are uncommon in
g

pseudo-binary mixtures of chalcogen sawrated compositions (we

found none), so that no increase in Tg by the addition of new components

to a binary composition can be expected if chalcogen saturation is
maintained. The bhighest measured 'l‘g among binary chalcogen saturated

. . 0 .
compositons is the 430°C of GCSZ, a value which has recently been

27 . .

confirmed . While this is indced a high Tg, we wondered whether
it were possible to achiceve comparable values of Tg in lower band
gap moterials, GeSz lias an optical gap of approximately 3 eV, and
many of the interestiny chalcogenide switching and memory cffects
occur more cominonly in materials with opiical gaps of less than 1.5 eV.

An Zacouraying approach to this problem wae reported in the

. . 2 . .

Second Scmi-Anrual Technicoel Report™, and consisted of the discovery
of a regiun of 'l‘g maximae in the Si-As-Tv sysicem along the Jine
connecling As to SiTe. The hisbest Tg which we measured along this

. ,0 - . " )
line was 436 °C for .‘ui ‘,’\s,,“'l o which anpears to be al or near the

(, ‘]U’
maxinren for the entive ternary syaten,, Thase aqlasses have band

caps of the orderof 1,5 = 1,8 Y, bul have the oicodvantege of

SRR SUN,

i e Ak
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containing S8i, which imparts its oxide optical absorption bands
to all but the most carefully prepared samples, and tends to
accentuate the oxidation and crystallization of thin {films via its
reaction with moisture. In addition, our switching studies of thin
film samples in this ternary system indicated extraordinarily high
breakdown fields, which limit potential switching applications to
very thin films., We therefore tried to a;)ply the concept of average
coordination number, which appeared to control the values of Tg
observed in this ternary system, to other chalcogenide systems., Two
of our goals were, (a) to obtain !nwer gap glasses without unduly
lowering Tg, and (b) to reduce or eliminate the Si to optimize these
glasses for optical and elcctronic device applications,

The maxima in Tg along the SiTe-As join originally suggested
to us the importance of 3-fold average coordination in producing
the strongest random networ:g. We continued to assume local
satisfaction of valency (i.e., covalent binding for each atom)
with the coordination numbcer being given by the 8 - n rule. Ilowever,
our recent therinodynamic measurcments in the Ge-Te system strongly
suggert an alternalwve binding scheme in the vicinity of the GeTe
composition, involving a sigunificant iotic component (i.e., partial
transfer of one ¢lectron Hrom a Te atom to a Ge atom) and resulting
in an ordered three-feld cuomdinated structure (sce section 2,2).,
While we have not cxamined the structural or thermodynamic evidence

for sucl bonding offects in the ternmy glesaes dlong the SitTe-As




join, we now consider ihe partially ionic model and the
resulting three-fold coordination the most sensible hypothesis to
account for the high Tg's in these glasses.,

2.4.2 Experimental Results

We have performed extensive 'I'g measurements in the SiTe-GeTe-As
pseudo-lernary system in order to extend_' the application of the three-
fold coordination model toward lower band gaps and lower Tg's, and
to evaluate the trade-off between these two parameters. The Tg
data are plotted in Figure 2.18, revealing a large area of glass
formation in this system, The compositions which yielded a homogeneous
glass in whole or in part arc represented by dots on the ternary
triangle. Except for the low Tg arsenic-rich corner which was not
thoroughly studied, the area embraced by these samples constitutes
the region of glass formation for § - 10 g samples melted at 110006‘
in quartz glass ampoules and quenched into a water bath. All cal ;'>rimeter
samples were examined by re'flection optical microscopy to confirm the
absence of crystals. The Tg isotherms indicate a continuous decline
in '1‘g as GeTe is substituted for SiTe, for all ratios of (SiTe + GeTe): As,
This decline is steep at first, and then becomes much more gradual,

The positions of the isotherms in the middle of the system are somewhat
uncertain due to the approximately - 1;OOC‘. spread in the measured
values and the nearly flat nature of the Tg surface in this area,

The observed Tg values are very high, in the sense that no
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Figure 2.18 Glass transition temperature isotherms in the pseudo-ternary
system 1/2 SiTe - 1/2 GeTe~As. Solid points indicate compositions which
could be obtained as single phasce homogeneous glasses, based on reflection

optical microscopy.
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28

previously reported ’l‘g in the Ge~Te-As system exc::eeded 26000
We suspect that this plane represents a surface of maximum Ta's
in the quaternary Si-Ge-As~Te system, i.e., that increases or
decreases in the (Si + Ge): Te ratio would result in reductions
in Tg. We are currently preparing samples totest this hypothesis.,

The addil:ion of GeTe to glasses on the SiTe-As join shows
the results obtained to date on three bulk samples, all containing
30 atomic percent As, but differing in their SiTe;GeTe ratios., Again
we see a sharp decrease followed by a leveling off of the activation
energy, and an analogous increase and leveling off of the conductivity,
These trends corrclate well with the T irends, suggesting a casual
relationship among them. Preliminary conductivity data for well
annealed sputtered films agree with the bulk glass data, although the
activation energy before annealing in the vicinity of ZOOOC is about
0.15 eV lower.

The three~fold coordination model for predicting maximum T g
in a multicomponent chalcogenide system has been applied to the
pseudo-binary GeAsSe-GeAsTe system, and the results ure plotted
in Figure 2.20. We observe a well behaved '.I‘g (x) function which
flattens out in the vicinity of GeAsTe at a value of about 34 OOC, the
same ’l‘g range which occurred in much of the GeTe~SiTe~As pseudo-
ternary svstem, Published informotion on the Ge-As-Te systemzs'29

doee ot b6 b the poesibility of glass tormation at the GeAsTe

-
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Figure 2.1% Activation cnergy and elaclrical conductivity at 25°C of three

bulk glasses in the 1/2 GeTe ~ 1/2 SiTe - As pseudo-ternarv system versus

(Si: Si + Ge) ratio.
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o

Figure 2.20 Glass transition temperature versus composition for bulk glasses

in the GeAs Te - GeAsSe pseudo~binary system,
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composition, although we were, in fact, able to oblain such a
glass by very rapid quenching of a small sample.

2.4.3 Conclusions

]

We have found the three-fold coordination medel for predicting
the highest values of Tg in multicomponent chalcogenide systems to
be very effective. In particular, it helps to identify regions of glass
formation which would not have been suspected by examination of the
binary or ternary subsystems which bound the multicomponent system.
Indeed we suspect that new glass systelr;s may be discovered by

conscientious application of this bonding model.

Questions of major importance still remain unanswered by our
effort to sort o. . the possible behavior of Tq in multicomponent
chalcogenide systems:

1. What is the correlation between '1‘g and band gap among the
three~fold coordinated chalcogenide subsystems, and does

this correlation constitute a limit on Tg at constant band gap?

2. Within the three~fold subsystems, what determines tne

optimum ratio of IV:V:VI components at maximum Tg ? Preliminary

results from the SiTe~As and SiTe-GeTe-As systems indicates

that the 1V 4 OVZ OVI2 0 ratio approaches this optimum, but

at present we have no good model to account for this correlation.
3. Finally, if the three-fold coordination model is to gain credibility,

it wil} require structural confirmation via diffraction or other

structural experimnonts which directly sammple the nearest

neighbor environment of cach atou typc.,

e

WX i

e s APl aa e A

.




3.

69
ABSTRACTS OF COMPLETED WORK

3.1 Introduction ;
During this portion of the contractual period several studies

initiated both during the last period and during the past several

months have reached either the prepublication stage or have been

published. Rathgr than continue to summarize this work we are K

simply including the abstracts from the preprints or reprints. These

completed papers are available from ECD, a few copies of which

are also included along with the reporft, and are listed in the appendices.
The papers cover those topics to which we have addressed

our attention over the past year. They deal, for example, with

structural activities in which the amorphous state in silicon and

germanium is achieved in a variety of ways (including ion implantation

performed at the IHughes Laboratories) which are then compared. The

impact of defects and impurities is quite dramatic and these results

enable us for the first time not only to sort out the impurity influences

but also to obtain a reasonable estimate of the difference in impurity

content among the various preparaiion schemes.

We also have a continuing interest in the marriage beiween
the amorphous semiconductor technology and the more conventional
solid~-state clectronics art. This involves a consideration of inter-
faces, contacts and electrodes and led directly to our study of PdZSi.

In its own right this study represents a major contribution to the
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understanding of an important silicon-electrode interaction,

Our long-standing involvement in materials characterization
has been responsible for our collaboration with A. Bienenstcck on
the structure of the Te-based memory glasses. The clucidation of
the crystallization behavior of these glasses is, of course, also part
of our program, presented in the last report to ARPA and recently
published., This abstract is included below as it represents completed
wor);. We are currently maintaining our effort in understanding these
crystallizing glasses as outlined carlier in this report,

The sputtering process by which most of the alloy ¢lasses are
prepared has in the past been mostly an uncharacterized facet of our
work. This has sponsored our explorations of the argon content in
sputtered films and of the desorption process., E. A, Fagen's first
::ongribution to this program -- delivered also as a taik to the APS
March meeting -~ is inciuded here.

And H. K. Rockstad's studies of transport and the switching
process (and their interrclationship) in many of the same materials that
we structurally characterize, is represented by completed work in these
ficlds abstracted below along with E. A. Fagen's work on photo-
conductivity .,

3.2 Structural Studics

3.2,1 "Structure and Llectrical Characteristics of Lpitaxial
Palladivin Siliciae Contacts on Single Cirystal Silicon
and Diflusced p-n Diodes™ by W.h, Buckley and

5L.C W Nosa (ubiitied to Solii-State Blectionics),
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PdZSi contacts to single crystal si‘:f.icbn ‘have
beentmade by depositing Pd.at room temperature 2nd annealing
at a succession of elevated temperatures. The silicide so
formed is a single crystal, esven at room temperature, Its
crystal sfructure is uniquely related to that of the underlying
silicon with the basal plane nf Pd,

match, with respect to silicon atom pcsitions, with the (111)

Si making an excellént

plane of silicon, Undex;standing this epitaxy leads to an

appreciation of the excellent electrical characteristics of these

contacts which are shown to be superid. ‘to alloyed aluminum,
For comparison, barrier height measurements reproduce earlier
results of Kircher on PdZSi formed during a high temperature
(200°C) deposition of Pd’.

3.2.2 "Impurity Effects on the Structure of Amorphous Silicon
and Germanium Prepared in Various Ways" by S. C.Moss,
'P. Plynn and L. - O, Bauer (submitted to Phik. Mag.).
Thin film transmission electron diffraction patterns

from amorphous silicon, prepared by ion-implantation, RF

sputtering and vapor deposition {evaporated) are strikingly

similar in most details except in the exact position of the diffuse

peaks., Tor high purity siligton, either evaporated or ion-

implanted, the first diffuse ring, for example, comes consistently

at a value of s = 4¢sin@/\, slightly lower than the (111) Bragg
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peak of sthe’ crystallized film, For sputtered films this

sequence is reverSed both in electron diffractio?i and in

X-ray scattering from thick films of ~ 8y . The reversal

is attributed to impurities., most probably oxygen or nitrogen.
The implications for siructural analysis are presented in terms

of the derivation of positions and shapes of the peaks in. the

pair correlation function. This structural information is
qualitatively invoked to explain some observations on properties..
The entire .effect seems somewhat less pronounced in amorphous
germanium films of all thiéknesses , although it anneals .out

much moré readily in germanium than in silicon.

3.2.3 "Neutron and X~-ray Diffraction Radial Distribution

Studies of Amorphous Ge 7Te " by F. Betts,

1777.83
A. Bienenstock, D.T. Keating, and J. deNeufville
(In press, J. Non-Crystalline Solids).

Bulk amorphous samples of amorphous Ge ,,Te

1777.83
have been prepared by quenching of small molten droplets.
Radial distribution functions have been constructed from both
x~-ray and neutron diffraction intensity data. These indicate
first nelghbor peaks at 2,75 4 and 2,65 &, wespectively,
indicating the greater sensitivity of the neutron RDF to atoms

pairs containing the smaller Ge atom, The first peak area

in both RDF's is not consistent with twofold coordination of
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the Ge. It can be fit by two types of models. In the

first, the Ge is fourfold and the Te two fold coordinated.

In the second, the Ge is threefold coordinated, while some Te
are threefold and others twofold coordinated. It is shown that
both types of models are consistent with RDF's ‘performed on

other compositions,

Thermal Analysis of Materials

3.3.1 "Thermally Stimulated Argon Release from Amorphous

Alloy Films" by E. A, Fagen, Mat, Res, Bull, 7, 279,

(1972).

A new diagnostic technique is described for the study
of kinetic processes in sputtered thin films. Examples are given
of application to amorphous chalcogenide alloys, and are compared
with the results of differential scanning calorimetry.

3.3.2  "Thermal Crystallization of Selected Thin Films of

Te-Based Memory Glasses" by S. C. Moss and

J. P, deNeufvillc%, Mat, Res. Bull. 7, 422.(1972).

X-ray diffraction on 1 ~ 10 p films and transmission
electron microscopy and diffraction on ~ 500 A films have been
performed on sputtered glasses based on the Ge-Te -eutcctic at

Ge TGBS . The rates and morphologies of crystallization have

15

been studied along with the influence of selected impurities.

Thermodynamic factors have also been considered all of which
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‘has contributed to our undérstanding of the meméry seiting
action in 'the RM-256 computer memory amray. .It appears:

that this memory effect is due to the fine scale crys:tallization
of Te dendrites and that the supression of the telluride formation

may play an important role.,

. Theortical Studies in Transport and Switching

3.4.1 "Comments on the ac Conductivi’ . of Amorphous

Chalcogenides' by H. K. Rock,s-”lff:;., Solid State Comm.,

9, 2233 (1971). )

The comparison of the ac cong . stivity for various
amorphousv chalcegenides with band gé¢ 5 ranging from less
than 1 to greater than 2 eV .is discuss 4 in terms of localized
states. Comments in the literaturé\‘;z wcerning curious results
in the ac conductivity -are discussea..and an interpretation given.
3.4.2  “Electrical Stability of Bu r :S-Shaped Negative

Differential Conductivity Madia" by H. K. Rockstad

and M. P. Shaw, submitted for publication in Applied

Physics Letters,

As originally pestulated by Ridley, bulk media exhibiting
isothermal current ccntxiolled negative differential conductivity
(NDC) are shown to be unstable with respect to small fluctuations
in the current density, leading to current density filamentation,

In contrast to Ridley's arguments, however, we describe and
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elucidate the inétabi‘lit‘:‘y in terms of inter_na;l induced magnetic
flux., We show that Lenz's law dogs. not apply to NDC points,
3.4.3 "Analysis of Phetceonductivity in Fmorphous
Chalcogenides"” by T.C. Arnoldussen,. . H. Bube,

- E. A, Fagen and S. Holmberg, J. Appl. Phys. 43, 4 (1972).

: ' Starting with standard semiconducter recombinatinn
statistics and a generalized distribution. of locél*z:;ed‘ states
within the 'mobility -gap of an amorphous ~sem1cond‘u<’:tor,'a model‘
for photoconductivity has been-developed. Gonsistency with
experimentation phenomena requires the inclusion in this
model.-not only of the trad‘tional nonlocalized-to-localized state
recombination transitions, but.also of two types of lccalized-to-
localized state recombination transitions: (1) from states nearer
than a critical energy to the conduction edge, to similar states
nearer than a critical energy to the valence edge; (2)..from
states near the mobility edges to states near the the thermal
equil{brium Fermi level. Such a model has general applicability
to a variety of different types of amorphous chalcogenides,
encompasses previously reported variations of photoconductivity
with intensity and temperature, and provides.a way of estimating
the characteristic parameters of localized states in these

materials, Quantitative application of the model is made to

photoconduntivity data for three amnrphous chalcogenides,
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4 s  LIST.OF CONTRIBUTORS ‘

The présent report f‘epresents a significant departure from the two
earlier reports in that the vrhaterials survey results are now crganized in
terms of chemistry:i'at,her{thari,in terms of experimental technique., We feel
that an important advance has occurred when the overlap of such disparate
studies as thermppowei' and calorimetry, transport and electron microscopy,
can be focused on the same group of materials to yield, with the help of
a simple conceptual model, an overview of many of the chalcogenide
glass properties. We have begun to find answers to the basic concerns
which underly all these studies; the? detailed atomic and electronic structures,
their interrelationship, and their role in controlling the physical and chemical
properties of the chalcogenide glasses.

In a highly cooperative and integrated program of this sort it is. :
sometimes difficult to identify the roles of the individual scientists. The
traditional technique-oriented specialization of individual scientists occurs
to some extent at. ECD, anrd the coiitributioa.cf cach man can be superficially

|
!
i
'
correlited with his current area of specialization; J. P. deNeufville, calorimetry 3

and sputtering; E. A. Fagen, photoconductivity and mass spectrometry; S. C. Moss

i
diffraction and microscopy; H. K. Rockstad, thermoelectric power and conduc- f
tivity. While the data inevitably flow from specific experiments traceable
to specific individuals, most of the resulting overview of past progress and

" motivation towards new research emerges as equally shared common ground,




SCIENTISTS
j. P, deNeufville S. C, Moss
E. A. Fagen  H. K. Rockstad

TECHNIGIANS

Ing.;ot and catiiode fabrication
J. Tyler

(Jalo;*imetry and sputtering
D, ‘Sarrach

Conductivity and optical absorption
R. S&guin

Thermopower and conductivity
R. Flasck

X-ray diffraction
R. Goss

Tlectron microscopy and diffraction
P. K. Flynn

Photoconductivity and argon desorption

R. Shaw
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Talks presented by ECD resedrch staff members on work supported bv ARPA:;
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‘ I._P. deNeufville B
* I, Fall Colloguium - Materials: Science Department, Case-Western ’
| Research University, 1971, ‘%
\ 2, Cont'ributed Paper - Annual Meeting Am. Ceramic Soc., Wash., D..C. §
\ May (1972). | §
E A. Fagen ?
. ‘ 1. Contributed paper, Marc.i meeting APS, Atlantic City (1972). i
1 S. C. Moss |

1, Invited Talk - Thin Film Div,, AVS Boston, Nov,. 1971.

i | e Ra R b

2.+ Invited Talk - IBM Watson Research Labs,, April 1972,

3. Physics Collogquium, Michigan State University, Oct. 1971,

arn Thiem e 4

4, Engineering Sciences Colloquium, Brown University, Nov. 1971.

5. Materials Science Colloquium, Lehigh University, Dec. 1971,

P A TR

6. Physics Colloquium, Oakland University, Jan. 1972,
7. Materials Center Colloquium, Univ. of Maryland, Feb. 1972,
8. Physics Colloquium, University of Houston, March, 1972.

9. Contributed Paper, Winter Meeting APS, Boston (1971). ¢
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1. Contributed Paper, Annual Meeting APS, San Fraficisco (1972)..

2. Contributed Paper, March Meeting APS, Atlantic City (19 72).




