
Mqii.^w - ftp ip.if^ym&wjr^mi'Wi"jwfwv fr3^;,yH^_':\'^vjWiV-V^*5r^*T~Z^:*?lZf33ttTF^^ 

i—iW MMWBMM 

r 

AD-766 m 

RESEARCH ON THE PROPERTIES OF AMORPHOUS 

SEMICONDUCTORS AT HIGH TEMPERATURES 

ENERGY CONVERSION DEVICES, INC. 

PREPARED FOR 

ADVANCED RESEARCH PROJECTS AGENCY 

JUNE 1973 

DISTRIBUTED BY: 

nmn 
National Technical Information Servico 
U. S. DEPARTMENT OF  COMMERCE 

V. 

i—    fägmm ■   - — ■ I^MHMM mm 



m;i**-*mtmi9U\m,JfnmW9fWmm.*W* 'i'.. i ■ .1*" iilli.ii/iPM.-»m^[lw"r"Jli"»iJPWi .^p^w^W^WUi. -i- "LIJIH^M H.'WHBR^I^MIJIJPU l.-     inn    I »«■.Hi«« «i '"■*   iwp^PiiuifiPP»! «*fw»^»«iww'.Pf-P-'-.-r-^-—^-.«i ».. j  .<.„., ij)ju i!uipigpq|H| 

* 

.. . 

FINAL TECHNICAL REPORT 

Contract DAHC15-70-C--0187 
V 

RESEARCIi ON THE PROPERTIES OF 

AMORPHOUS SEMICONDUCTORS 

AT HIGH TEMPERATURES 

D D 0 

SEP s «■"   nl 

H 

Prepared b>:     Energy Conversion Devices, Inc. 
1675 W. Maple Road 
Troy, Michigan 48084 

Approved for DuhlZ   "," ~~ 

For: Advanced Research Projects Agency 
[Order No. 1570; Program Code 0D10] 

Contract Period:   18 May 1970 to 18 May 1973 

Total Contract Price:  $976,786 

»■■WOur,«   b. 

NATIONAL TECHNICAL 
INFORMATION   SERVICE 

US  Dfpanm.nl  of  Cnmnxtrcn 
SpMngft.Id,   VA     ;VI5] 

J. P. deNeufville 
Program Technical Manager 
313-549-7300 

g* Copy No.       f ftS *w*: 

rillMnMiiiifrii- ■ -'-  ■ 



,■ iWy^T^f^^^?ft^i»il1^'JMJPl|•llW,»,lp^^»^.wv*«^v,r!'^5'WJ«^»?<.-|li*^(■! w^,f,^rv^»»»fl»^'l4P^JLIPi•<."*T'^v^r■ a'. iP"Ji»Hl,sw ^ .*, WF i'"".."'- .T^.^: jr,» H'.1,'!-'1 -^   '..^(iliiUiili* iillBl^iiJ.li, ^JiPÜPÄJf.yiFiu1, <w,u-ll<i<A<JnuM'W>JIM) 

Unclassified 
Security Cl«ssific«iiow 

DOCUMENT CONTROL. DATA • RAD 

I   OVIRIMATIMC ACTIVITY (Ceipotmf mtHf*) 

Energy Conversion Devices, Inc., 
1675 West Mapie Road, Troy, Michigan 48084 

3«.   MtOOXT «ICUKITV    C LAMIIMCATION 

Unclassified  
t*   «MOU» 

N/A 
t   nC^ONT TITLK 

RESEARCH ON THE PROPERTIES OF AMORPHOUS SEMICONDUCTORS AT HIGH 

TEMPERATURES 

4   OISCMIPTIVC viOTES iTrfym of raaort an4 mckiai«* tlamm) 

Final Technical Report - 18 May 1970 to 18 May 1973 
S   aoTHOtfSJ (Lm»; nam: lim mmmm, IniualJ 

deNeufvllle, John P. 

•  NCPONT o*ie 

16 June 1973 
■ «.   CONTRACT  OK CBANT  MO. 

DAHC15-70-C-0187 
k.   PNOJCCT MO- 

ltOl/36 

* 

7«.   TOTAL MO.  Or   »AOJUL. t*. NO. or Ncp* 
70 

*(S> 

516-6 

• *. OTHsn KtvenT NO<S) (Any aihat numburm torn» m»y bm ai*l0iad 
»la mpctl) 

None 
IB   AVAIL. ABILITY/LIMITATION MOTICeS 

The distribution of this report Is unlimited 

II. SUP^LCMCNTAHY NOTES It   SPONtORINC MILITANT ACTIVITY 

Advanced Research Projects Agency 
Arlington, Virginia 22209 

U   ABSTHACT 

In the course of these investigations we have prepared over 460 amorphous 
semiconducting alloys.   The thermal, optical and transport properties of many of 
these alloys have been Investigated In great detail.   Special emphasis has been 
placed on the preparation and examination of cuorphous phase.s which cannot bo 
prepared by conventional glass-fortning methods.   This approach has enabled us 
to determine many of the general relationships between structure (chemical bond- 
ing; and properües (thermal, optical and transport) within the entire family of co- 
valently bonded amorphous semiconducting (A.S.) alloys.   This was our major 

goal. 
A second major accomplishment was the recognition that the average number 

N of outer electrons per atom or network connectedness C, defined as C = 8 - N, 
governs the thermal stability of A.S. alloys.   Covalently bonded A.S. glasses can 
be formed for 2 * C ^ 4, and within this range of C Tg Increases with C for fixed 
covalertbo.id strength or optical band gap.   However, as C~» 4, the ease of 
glass formation is drastically reduced, so that fabrication of large samples of the 
most stable high temperature glasses is impeded.   For chalcogenlde systems, the 
practical limit of C for which easy glass-formaUoa Is possible appears^o be 
C = 3, but In the Cd-Ge-As system bulk C = 4 glasses can be formed. 

In order to reproduclbly prepare thin films of multicomponent amorphous 
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alloys, we utilized the r.f. sputtering technique.   Many deposition variables must 
be controlled in this process, so that extensive studies were performed to charac- 
terize the various effects of these deposition variables.   In particular, substrate 
temperature and dc substrate bias we^e extensively examined.   The effect of sub- 
strate bias and temperature on film stoichiometry and the effect of substrate bias 
on argon content were monitored. 

While the alloys with C —4 appear to have the highest thermal stabilities, 
we have found that the most interesting electronic and structural transformations 
occur for alloys with C «* 2 - 2.66.   These studies relate to the application of A.S. 
layers for information storage and as active electronic devices such as Ovshinsky 
threshold switches.   The chalcogen lone pair electrons which constitute the valence 
band for this subgroup of A.S. alloys2 play a significant role in producing the 
electronic excitation involved in threshold swiLching, and the bond-switching in- 
volved in photostructural transformations.3   These excitations occur under con- 
ditions which do not permit the major structural rearrangements which would be 
required for crystallization io occur.   In contrast to those subtle change^, crystal- 
lization of Te accompanies electronic switching4 intense optical pulsing  , and 
electron beam exposure of Te-rich*memory alloys. 
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1. INTRODUCTION AND SUMMARY OF MAJOR ACCOMPLISHMENTS 

1.1        Introduction 

This research program has addressed the factors which control the 

behavior of chalcoqenlde amorphous semiconducting (A.S.) alloys at 

elevated temperatures.   While primary emphasis has been placed on 

achieving a fundamental understanding of the structure-property relation- 

ships which govern high temperature behavior, technological considera- 

tions have guided to some extent the choice of topics.   A.S. alloys have 

1 2 
been used for electrical switc-dng   and memory   applications, optical 

recording3, optical lenses, windows4 and filters, and a wide variety of 

additional applications.   Thus we have related alloy structure to techno- 

logically relevant properties such as optical absorption and electronic 

transport behavior, including switching.   Furthermore, inasmuch as most 

of these technological applications reguire thin films, we have prepared 

many of our samples as thin films, using both rf sputtering and thermal 

evaporation techniques.   These deposition techniques introduce a wide 

variety of new variables which must be specified, and a significant portion 

of our research effort has been directed towards the relationship between 
r     c 

deposition parameters ä id film structure and properties. Finally, 

information storage applications of A.S. films, whether the information 

2 3 
is introduced electrically,      optically,      by electron-beam, or in other 

fashion, involves structural transformations and utilizes the property 

differences thereby produced for read-out.   Thus the thermal crystallization 

%'. -1 
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kinetics and the structure-property relationship of A.S. "memory" alloys 

fall within   he scope of the present Research Program, and several such 

examples have been carefully characterized in these respects.9    Other 

transitions, including the electronic transformation involved in threshold 

switching7'8 and the photostructural transformations which have been 

studied in two alloy systems,10 occur without involving any crystallization. 

Our ^search on the Properties of Amorphous Semiconductors at £ 

Elevated Temperatures can-therefore be organized into three broad topics: 

(1)  Glassy alloy studies, including both survey studies and detailed 

composition-property studies in a few selected systesm.   Much emphasis 

in these studies has been placed on the correlation of thermal, electrical, 

and optical data in understanding chemical bonding and the associated 

band level structure in amorphous chalcogenide alloy systems; (2)   The 

role of deposition techniques in controlling thin film composition, structure 

and properties with special emphasis on the roles of argon entrapment and 

substrate bias during the r.f. sputter deposition of amorphous chalcogenide 

alloys; (3) Studies of controlled changes in conductivity, refractive index, 

or absorption, produced electrically, optically or thermally in Ovonic ^ 

threshold and memory alloys.   Subtopics of emphasis within this broad 

topic include various studies of the mechanism of threshold switching, 

studi3s of th. thermally induced crystallization of electrical memory alloys 

and studies of the photostructural changes in amorphous holographic media. 

BMM •g ,..   ■       ,, MnilhlM^^iMiinMrt li'lllll   iMlM^  I ill  . df-.:...  -i    -..lua 
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All of these topics have been introduced in the five earlier Semi- 

Annual Technical Reports under this Contract, and each has already been 

covered by one or more publications.   This report contains in Appendix I 

the entire li st of publications and anticipated publications which have 

resulted from this research program.   In Appendix II are reproduced 

five of these manuscripts which have not yet been published.   The main 

body of the present report contains some additional unpublished results 

concerning Topic (1), glassy alloy studies, and also includes an extensive 

overview of the structure-property relationships for A.S. alloys. 

r* 
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1'2     Summary of Ma|Qr Aocomplishments 

In the course of these investigations we have prepared over 460 amor- 

phous semiconducting alloys.   The thermal, optical and transport properties 

of many of these alloys have been investigated in great detail.   Special 

emphasis has been placed on the preparation and examination of amorphous 

phases which cannot be prepared by conventional glass-forming mathods. 

This approach has enabled us to determine many of the general relation- 

ships between structure (chemical bonding} and properties (thermal, 

optical and transport) within the entire family of covalently bonded 

amorphous semiconducting (A.3.) alloys.   This was our major goal. 

A second major accomplishment was the recognition that the average 

number M of outer electrons per atom or network connectedness C, defined 

as C = 8 - N, governs the thermal stability of A. S. Alloys.   Covalently 

bonded A.S. glasses can be formed for 2 ^ C ^ 4, and within this range 

of C Tg increases with C for fixed covalent bond strength or optical band 

gap.   However, as C - 4, the ease of glass formation is drastically 

reduced, so that fabrication of large samples of the most stable high 

temperature glasses is impeded.   For chalcogenide systems, the practical 

limit of C for which easy glass formation is possible appears to )e C = 3, 

but in the Cd-Ge-As system bulk C = 4 glasses can be formed.27 

In order to reproducibly prepare thin films of multicomponent amor- 

phous alloys, we utilized the r.f. sputtering technique.   Many deposition 

variables must be controlled in this process, so that extensive studies 

Mmmmm      i nü   .--..^-^■-i:.»*-'-| i'WrtÜAl 
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were performed to characterize the various effects of these deposition 

variables.   In particular, substrate tmperature and dc substrate bias 

were extensively examined.   The effect of substrate bias and temperature 

on film stoichiometry and the effect of substrate bias on argon content 

were monitored. 

While the alloys with C - 4 appear to have the highest thermal 

stabilities, we have found that the most interesting electronic and 

structural transformations occur for alloys with 0^2 - 2.66.   These 

studies relate to the application of A.S. layers for information storage 

and as active electronic devices such as Ovshinsky threshold switches. 

The chalcogen lone pair electrons which constitute the valence band 

42 
for this subgroup of A. S. alloys play a significant role in producing 

the electronic excitation involved in threshold switching, and the bond- 

switching involved in photostructural transformations.   '     These excitations 

occur under conditions which do not permit the major structural rearrange- 

ments which would be required for crystallization to occur.   In contrast 

to those subtle changes, crystallization of Te accompanies electronic 

2 3 
switching,    intense optical pulsing,    and electron beam exposure of Te-rich 

memory alloys. 
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2. GLASSY ALLOY STUDIES 

2.1       Introduction 

Studies of glassy alloys represent the prima'-y emphasis in this Research 

Program, and thus dominate the Final Report.   In studies described in earlier 

Technical F'eports   or listed in Appendix 11 as preprints in the present report, 

we have taken alloy composition as the primary experimental variable, moni- 

toring the changes in thermal, electrical and optical properties as compo- 

sition is changed in some systematic fashion.   The goal of this approach 

has been to assess the role of all the conceivable experimental parameters 

which determine the structural state of an amorphous phase by rianipuletL.g 

these parameters indirectly via the composition, and then to establish pre- 

dictive principles in correlating the known structural state with its measured 

properties.   These alloys are for the most part covalently bonded, so that 

the concept of covalency satisfaction       has been useful in establishing 

structural models which can then be tested by noting how properties vary 

with composition. 

2.1.1    Summary and Structural Concepts 

The basic structural chemical information which one requires is the con- 

centration of possible covalent chemical bond types, and the spatial distri- 

bution oi these bond types.   This information more or less establishes the 

short range structural order and determines whether the amorphous phase 

is homogeneous or phase separated.   Various additional structural parameters 

must also be specified, such as the concentration of nonequilibrium atomic 

MMMMMM  tmi ■ IMWI"—■  yäimn,  fr Im      u • ■" ■..-^■^  •■» --'i....- :<-^a 
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defects (vacancies, "dislocations", voids, bond strains, etc.), the 

molecular constituency (polymer-monomer ratio, polymer chain length) 

and the concentration of nonequilibrirn electronic defects (broken bonds, 

trapped charges).    We have used the concept of chemical ordering as a 

constant reference point throughout these studies, having anticipated such 

ordering effects: in rr.u^icomponent chalcogenide alloys in our initial pro- 

.   12 13 
posal. The discovery of such ordering tendencies     substantially re- 

duced the complexity of examining and analyzing these alloy systems, and 

permitted the identification of a handful of structural prototypes which 

serve as the conceptual basis for analyzing very complex systems.   In a 

very real sense, ever/ homogeneous covalent glass is a chemical compound 

with a structure which, at least in principle, can be established with rela- 

tive precision.   In order to analyze the general case we need to have in 

mind a series of structural prototypes to which we can refer an unknown 

structure for comparison.   The glassy compounds we have chosen to repre- 

sent these structures are relatively well characterized, at least in the sense 

that all the prototypes hav* a single covalent chemical bond type and thus 

are demonstrably single-phase and chemically ordered.   In this sequence 

of prototype alloys we span the entire range of covalently bonded inorganic 

polymers from the viewpoint of connectedness, C, which is defined as the 

average number of network connections per atom. 

Connectedness of a polymeric network can vary from 2 to 4.   The lower 

limit of two is given by the requirement that an infinitely extendable structure 

■'$, 
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must have two connections for each unit member:   a chain Is the minimally 

connected network.   The 8-N rule, where N is the number of valence 

electrons, establishes the coordination number, wnich for covalent networks 

corresponr1 to the connectedness.   Thus the chalcogens, S, Se, and Te with 

N - 6 have the minimum connectedness of 2 and can form one-dimensional 

polymer chains.   S and Se tend to have an equilibrium fraction of S0 or Se0 8 o 

monomer rln^s .n the amorphous state, and thus are not maximally polymerized, 

We shall therefore use Te as the prototype of a 2-connected A.S. polymer. 

The upper limit of connectedness of a covalent network is set a 4 be- 

cause the 4 pairs of electrons per atom thereby produced fill the entire 8 s 

and p valence statos per atom.  By the 8-N rule this gives N = 4 for C =■ 4, 

corresponding to column IV of the periodic table.   SI and Ge are well known 

to form this maximally connected network, and this limiting structural proto- 

14 15 type has been well characterized experimentally      and theoretically. 

The entire sequence of structural prototypes and the connectedness which 

they describe Is listed below: 

C_ _N Materials Comments and Reference 

1 6 
2 6 Te 1 dim. chain polymer 

17 
2.4 5.6 As2S? 2-connected S and 3-connected As 

1 8 
2.666       5.333 GeS 2-connected S and 4-connected Ge 

19 
3 5 As (Krebs and Steffen) 

4 4 Ge (Schevclk)20 

( 

 —"— —          
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The C = 2 structure is so intuitively analogous to the myriad carbon- 

based polymers as to require little further elaboration in terms of structural 

description.   While the structural details, sui-h as chain length   and inter- 

chain bonding configurations, may be poorly established, the topology of 

intertwined chains is familiar.   The chalcogens apparently form copolymer 

chains, at least in the Te-Se system, but the introduction of much Se or 

21 
S adds the possibility of copolymer rings to complicate the structure. 

The C = 2.666 structure for GeS   is probably the next most familiar, 

occuring for vitreous SiO   and having been modeled and studied in that 

22 
manifestation for over 40 years.       This simple structure has C = 8/3, 

because one third of the atoms are four-connected (Ge) and one third are 

two-connected (S).   The topology o, the 4- connected Ge structure can be 

directly obtained from the topology of the 2.666 connected GeS   structure 

by removing the S atoms and reconnecting the Ge atoms to each other.   It 

turns out that this is exactly the topological relationship between the familiar 

SiO    (or GeS ) "random network" structure and the Ge "Polk-Turnbull" model 

for describing thp structure of tetrahedrally connected Ge and SI, and that, 

in these two cases, the experimentally determined RDF's are in excellent 

agreement with the model predictions. 

The C = 3 structure prototype, arsenic, has been much less well character- 

ized than the C = 2, C = 2.66 and C = 4 structures, perhaps because of the 

difficulty of constructing a three-dimensional model of a structure which is 

19 
locally two-dimensional .   The RDF analysis      indicates for arsenic three 
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nearest neighbors at the covalent distance, and a next-neighbor shell at 

approximately a van der Waals distance.   However, the topologicai re- 

lationship which connects these local environments together to create the 

"long-range order" which actually specifies all the non-local features of 

the RDF is not yet known. 

By analogy to the relationship between GeS2 and Ge, there exists 

in principal a one-to-one relationship between the C = 3 structure and the 

C = 2.4 structure, whereby S atoms can be introduced between each pair 

of covalently bonded As atoms without aff jcting the relative topology of 

the As atoms.   Of course AG remains 3-connected, which is experimentally 

demonstrable in a number of ways ii. As^, while S is demonstrably 2- 

connected.17   Since detailed .nodels exist for neither structure, it is not 

clear vnether this geometrical transformation correctly describes the re- 

lationship between these two structir.l types, but at this stage of analysis 

it must certainly be taken as the least complicated hypothesis. 

Our five prototype amorphous covalent network structures obey several 

simple rules which can be summarized for clarity at this point before we 

proceed to analyze more complicated alloys in terms of these strictures: 

1. They are either elemental (Te, As, Ge) or peuectly ordered chemi- 

cally (GeS   , As S  ) and thus each can be constructed using a single co- 

valent bond type. 

2. They are covalently bonded in the sense that each atom has a full 

shell of electrons, and thus each chemical bond contains a pair of electrons 

kMMMBMM^« ■BMtiMMMaita Ml n i II i   
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3.    The coordination number for each atom is given by the 8-N rule for 

that atom, i.e., the covalent bonds are classical in the sense that 

(for these five structures) the^ are ail constructed with a pair of shared 

electrons, one electron originating from each partner of the covalent bond. 

The domination of the third rule above leads in certain alloy systems 

to a very simple interpretation of the structure as a function of composition. 

For example, in the As-Se an^ Ge-Se systems, if we ignore the SeQ ring 

component, the role of As and Ge as each is added to pure Se involves the 

introduction of chain branching points (As) or chain cross-linking points (Ge). 

Since the chemical ordering tendency which is complete at GeSe2 and As2Se3 

is already present for dilute As or Ge alloys, one need not consider the possi- 

bility of As-As bonds or Ge-Ge bonds in these concentration limits.   Thus the 

progression from C = 2toC = 2.4 (Se-ASgSeJ or from C ^ 2 to C - 2.666 

(Se-GeSeJ is well characterized in terms of a grr.dation from one structure proto- 

type to the other.   While this analysis ignores the long range topological con- 

siderations and the possibility of such alloy sequences separating, under certain 

circumstances, into two phases which may approach the structural prototype 

end members in composition, it certainly provides a first level of understanding 

of tne structure-composition relationship for such systems. 

However, the applicability of the foregoing rule 3 to other more complex 

alloy systems is clearlv limited, and an alternative rule involving the average 

value of N, N, where N = ZX.N. and X1 is the fraction of i atoms, can be shown 

to apply in certain circumstances.   Borrowing now from the much more extensive 

  -j"—-~— mmmt 
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experience with crystalline materials,23   and focusing attention on alloys 

which have N = 4, we find many examples where the connectedness or 

coordination number is given by C = 8~N rather than C = 8-\T for each indi- 

vidual atom.   Examples of such behavior abound: ZnS, CdTe, GaAs, ZnO, 

CdGeAs   etc.24 

A few of these N = 4 structures have been studied in the amorphous 

Phase (GaAs,   0 CuAsSe alloys,26 CdGeAs^7 etc.) and all aooear to retain the 

short range order of their respective crystals, i.e., C = 8-N rather than 

C = 8-N.   The bonding in these materials can be viewed as a generalized 

form of covalent bonding in the sense that each bonded atom contains a 

full shell of valence electrons, obtained in part by bharing adjacent 

electrons, and that each chemical bond contains a pair of electrons.   How- 

ever, the parentage of these shared electron pairs does not obey the 

classical rule for covalent bonding, for the electron-rich atoms such as 

the chalcogens supply no re than their classical share of shared electrons. 

Of course all of the final electron «wave-functions are hybridized to yield 

the appropriate geometrical distribution, so that the parentage for a par- 

ticular bonding electron is meaningless.   But in these maximally connected 

covalent structures all the valence electrons are shared (there are no lone 

pairs), so that on the average each atom contributes N/4 electrons to each 

bond, where N is its number of valence electrons in the atomic state. 

The question which now arises in examining the structure-composition 

relationship for any complex A.S. alloy system is whether the 8-N or the 

{ 
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I 

8-N rule determines i±ie local coordination environment for an individual 

atom.   This central question has been discussed with respect to mz'\y 

of the binary and ternary alloys we have examined, especially in the case 

of GeTe, which has N = 5, like As, but which may have the C = 3 arsenic 

structure or a ir.ixture on a local scale of the C = 2.666 GeTe    structure 

and the C = 4 Ge structure. 

Although the structure-composition relationship lies at the heart of 

any composition-property relationship, other categories of structural in- 

formation are required to complete the description of the structural state 

of an amorphous alloy, as enumerated below: 

1.   The role of chemical ordering.   The recognition of chemical ordering 

effects extends the covaiency satisfaction model of Mott,      by analysing 

the relative concentrations of possible covaient bond types which are 

established by short-range chemical ordering effects.   Such ordering is 

13 28 nearly complete at certain stoichiometrics (e.g., GeTe   , GeSe   , 

17 29 
As Se   ,       AS9^Q       ) for well annealed amorphous phases.   Chemical order- 

ing is a universal feature of the 8-N = C = 4 group of crystalline alloys, 

and thus, by inference, must be essential for the analogous amorphous alloys 

as well.   All the examples cited previously contained equal concentrations 

of electropositive and electronegative elements, i.e., GaAs, CdGeAs   , 

etc., permitting complete chemical ordering o:; the more positive and the 

more negative elements on separate lattices, and enhancing the ionic con- 

tribution to bonding.   While compounds like CdAs   which have N = 4 must 

i 

I ; 
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form bonds between like atoms (As-As) to have C = 4, such compounds 

are less common due to Mie diminished ionic stabilization of the structure. 

An important question regarding the structure of the amorphous analogues 

of the crHerea crystalline N = 4 alloy concerns the degree to which the 

chemical order can be preserved as long range atomic order is lost.   For 

example it is not possible to completely order Ga and As in the Polk-Turn- 

bull model due to the presence of 5-membered rings. 

2-   The role of phase separation.   This question involves the distri- 

bution of the chemical bonds.   Of course if chemical ordering causes only 

a single bond type to occur as in the case of GeS   , As S   , or, perhaps, 

GaAs, then the possibility of phase separation is clearly excluded.   On 

the other bond if chemical ordering tends to favor the formation of certain 

sets of chemical bonds and the exclusion ot others, this may prohibit 

attainment of homogeneity, as exemplified by the GeSe -Te alloys con- 

sidered in the Fourth Semi-Annual Technical Report.   The obvious rule 

for creating an amorphous covalently bonded multi-component homogene- 

ous alloy (an amorphous compound by previous definition) is to equalize 

the bonding tendency between all pairs of atoms, so that one type of bond 

is not favored above all others.   This is of course the same criterion for 

the formation of multi-component crystalline compounds, a rule which can 

be expressed in terms of the electronegativities of the component atoms. 30 

We shall see in later discussions some examples where amorphous alioy 

formation is restricted by the application of this rule. 

L 
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Phase separation which is based on chenical ordering has been termed 

"priirary phase separation" in the Fourth Semi-Annual Technical Report 

(ref. 32, p.5), because ic is a topological consequence of the requirement 

for formacion of the lowest energy set of covalent bonds.   However, many 

real cases of phase separation which we have observed cannot be accounted 

for on this basis, because the concentration of bond types in the separated 

alloy is the same as could be obtained in a homogeneous version of the same 

composition.   An example of this effect is the As S -As Te   pseudobinary 

system.   Here the two bond types, As-S and As-Te which are predicted on 

the basis of chemical   ordering effects can coexist with each other in any 

concentration and yet the two end-member phases tond to separate from 

each other in nearly the entire concentration range.   This effect wich we 

shall term "secondary phase separation", is analogous to the size effect 

rule for metallic alloy solid solutions.   A positive heat of mixing is intro- 

duced if the geometries of the species to be mixed together (Ais-Te and 

As-S bonds, in this case) are sufficiently dissimilar. 

3.   The role of molecularity versus network connectedness.   Here we 

are concerned with a question which is independent of the connectedness 

per atom cr the concentration of bond types, but is very relevant for under- 

standing the complete structure of the amorphous alloy.   For example;, 

pure Se contains rings and chains, and its properties very much reflect 

21 the presence of both.        However, its RDF is relatively insensitive to this 

structural distinction, because the nearest (Se-Se covalent bonds) and 

Mtmi MMMMflMMM 
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next-nearest (van der Waals bonds) neighbors are fixed by chemical 

considersüons which apply equally to both molecular species (rings 

and chains), and the RDF technique is relatively insensitive to the 

long lange topological parameters which would distinguish a pure ring 

glass from a pure chain glass. 

It is often convenient to ignore this problem, and assume that it is 

confined to Se-rich and S-rich glasses.   However, we have shown31 

that these effects can be very important in controlling the properties of 

films evaporated under certain conditions from a vapor stream containing 

molecular entities, such as As^ molecules.   A metastable molecular 

glass can be so produced whose structure and properties differ completely 

from the more stable fully cross-linked (i.e., fully polymerized) glass. 

Here the concept of connectedness loses its usefulness, because the 

Ai''4S6 molecular glass has the same (C = 2.4) connectedness per atom 

as the fully polymerized version of the same composition.   We shall refer 

to "network-connectedness^ to describe the topology of the fully poly- 

merized version of a given alloy, recognizing that under some conditions 

(equilibrium or otherwise) the .opology of the actual glassy structure may 

be less connected than expected. 

4.   The role of defects.   This is a particularly important topic in under- 

standing the properties of amorphous films.   Two cases have been observed 

and described by us in the course of these studies. 

1.    Alloys which are deposited near T  ,  (e.g., the low T   electrical 
g g 

*^^^-■"-;^--  *** 
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; 

2. 

memory alloy Te61Ge15Sb2S2/ Se, etc.) or can be annealed to 

Tg without causing crystallization (Te-rich Ge-Te alloys up to 

GeTe2/ Ge-Se axloys between Se and GeSe, etc.).   These alloys 

can be fully annealed to achiev • properties which are usually 

indistinguishable from those measured on alloys of the sime 

composition produced by other techniques, including cooling of 

the liauid. 

Alloys for which T     > T  , and which thus crystallize below T  . g X g 

For these alloys, including the Ge and the Ge-rich portions of the 

Ge-Te and Ge-Se systems, T   is not an observable quantity, and 
y 

it is not possible to ensure that a given annealing treatment below 

T^ achieves metastable homogeneous eq lilibrium at that tempera- 

ture. 

These defect effects include many structural effects listed under  classes 

1-3 of structural parameters described above, such as "wrong" chemical bonds, 

homogeneity and even molecularity, since all of these properties can be 

affected by the annealing near T   of an amorphous film deposited well below 

T    (i.e., more than 75 C below T ).   Annealing near T   is presumably suffi- J g g 

cient to assure attainment of metastable homogeneous equilibrium at the 

annealing temperature, so that the properties of glasses so annealed 

depends only on the subsequent thermal history.   Thus annealing, in prin- 

ciple, wipes out all memory of the deposition conditions.   An alloy which 

normally phase separates upon cooling from the liquid can be prepared as a 

«MMHÜIÜ ■—^—  
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homogeneous amorphous film by rf sputter deposition, e.g., Ge2oSe40Te40 

as described previously.32   Also, "wrong" bonds may be largely responsible 

for the properties of unannealed rf sputtered GeSe -GeTe. films as described 

by reference 4   in Appendix II to this Report.   And, finally, the thermally 

31 
induced structural changes of evaporated As2S   and As2Se3 films       involve, 

in the same sense, the removal of structural defects, if the molecular con- 

stituents present in these films can be regarded as defects. 

c 

i  
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2,1.2.    Summary of Properties Studied:   Definitions and Relevance 

All of the properties which were systematically examined for a large 

number of amorphous chalcogenide alloys under this program can be classi- 

fied into two groups:   1.   Thermal properties, including glass 'ransition 

temperature, T  , and crystallization temperature, T  , and 2.    Optica. 

and transport properties, including optical absorption, a, electrical con- 

ductivity, a, versus temperature, and thermoelectric power, S, versus 

temperature.   Many other properties in these two broad categories were 

measured for specific alloys, including deisity, thermal conductivity, 

enthalpy   photoconductivity, optical absorption versus temperature and 

rresjure, etc.   In this section appear references to the definitions and 

experimental determination of these five -nost studied properties, T  , T  , 
g      x 

a, a and S, and of the various parameterö which are derived from them. 

In addition each of these key properties is examined in terms of its physi- 

cal and practical significance. 

2.1.2.1.   Thermal Properties 

The key thermal properties which we have investigated in a wide 

variety of bulk and thin film amorphous semiconducting alloys are the 

glass transition temperature, T  , and the thermal crystallization tempersture, 

T   .   Both properties were measured only by differential scanning calorimetry 

(D.S.C.) at a scanning rate of 20 deq min    .   T   is the temperature at 
g 

which the calorimeter output, which is proportional to C   , attains the 
P 

value half-way between the glassy value below T   and the liquid value 
g 

above T   as the temperature is scanned through T   at 20 deg min    .   Lower 
<3 g 
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scan rates result in lower values for T  , because of thermal lag effects 
g 

associated with scanning, and, in some cases, because the value of T 
g 

itself is sensitive to the time scale of the measurement.   The former effect 

depends only on sample size and thermal conductivity, and tends to raise 

the measured value of Tg   5-10OC with respect to the actual value tor 

typical materials and sample sizes.   The latter effect, which is also 

sensitive to prior heat treatments, can introduce an additional S-K^C 

correction term. 

Tx is the temperature at which the calorimeter output begins to deviate 

in an exothermic manner from the steady-state glass or liquid value.   For 

materials which have Tx > Tg, the identification of T, is usually unambiguous, 

because crystallization occurs relatively sudden'y and involves a large exo- 

thermic effect.   Occasionally Tx approaches T^ the beginning of melting or 

solidus temperature, which can reduce the crystallization tendency to the 

point where Tx is poorly defined.   In the limit, of course, T   is undefined be- 

cause an alloy can be heated throughout the entire region of liquid metastabllity 

from Tg to TL, the end of melting or liquidus temperature, without nucleating 

any crystals. 

For materials which have Tx < Tg, crystallization preceeds any glass 

transition as the amorphous sample is heated.   Such amorphous materials can 

only be   prepared by evaporation, sputtering or other thin-film deposition 

process, and thus tend to undergo exothermic reactions upon heating which 

are associated with the removal or redistribution of various defects, and 

c 
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which preceed crystallization.   The onset of the crystallization exotherm 

occurs during the defect removal exotherm, £.0 T   is identified by a break 

in the slope of the calorimeter output rather than by the beginning of the 

exotherm itself. 

T   is a fundamental parameter which defines the onset of diffusive 
g 

motions rn dmorphous solids.   These motions, in turn, lead to the increased 

values of fluidity, heat capacity and thermal expansion which serve to 

characterize the liquid state.   Because crystallization of an amorphous 

alloy usually involves diffusion, T   for such alloys sets a lower limit on 

33 
the possible values for T  . Conversely, it would appear that crystalii- 

zation must occur without diffusion for those alloys for which T   < T  . x       g 

Further study of this class of alloys will be required to verify this Inference 

From a practical standpoint, T   and T  , taken together, provide an 
g        x 

Index of the thermal stability of amorphous alloys at elevated temperatures. 

Other factors can limit thermal stability, such as chemical reactivity, sub- 

limation, "cold flow" below T  , etc.   Therefore, the suitability of a particular 
g 

alloy for use at elevated temperatures Is dependent on many properties In 

addition to T   and T  .   Furthermore, some high temperature applications for 
g x 

amorphous semiconductors permit       or even require the material to be 

above T  .   Nonetheless, T   and T  , measured at a fixed temperature scanning 
g g x 

rate, provide an easily attainable and extremely useful preliminary index 

of thermal stability. 
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2.1.2.2   Optical and Transport Properties 

An excellent review of the behavior and significance of the optical 

constant a and the transport parameter a and S for amorphous semi- 

conductor materials is contained in the Mott and Davis text.        A brief 

summary of some salient features of these properties is provided below. 

Knowledge of the optical constants as a function of photon energy 

provide a wealth of information concerning the electronic band structure 

and the optical phonon spectrum.   Most optical studies of amorphous 

semiconductos have emphasized the dependence of the absorption co- 

efficient a upon photon energy "ftw in the vicinity of the optical absorption 

edge, and only a few complete determinations of both, e    and e    over an 

37  38 
extended range of photon energy    '      have been performed. 

Near the absorption edge itself, where we have performed the majority 

of our studies, the two important experimental variables are the position 

and the shape of the edge.   We arbitrarily define the optical gap E   . as 

4     ~1 
the energy E      at which a = 10 cm     .   E04 is of universal interest in these 

studies because it characterizes the energy gap at a joint density of states 

39 4 C,41 
corresponding roughly to the C.F.O     mobility gap, and thus can be 

closely related to the transport parameters a and S.   Since the density of 

states pseudogap Is also closely related to the chemical bonding through 

the separation between valence band non-bonding (lone pair) or bonding 

42 
states and conduction band antibonding states,      the value of EQ. is also 

a scaling parameter for covalent bond strength.   Covalent bond strengths 

can also be calculated from thermochemical data if the atomic coordination 
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is established, so that a close connection exists between £_.. and the 
04 

thermodynamlc properties of amorphous semiconductor elements, compounds 

and alloys.   We have therefore emphasized En. as a useful optical parameter, 

easily measurable on the 1-5 \im sputtered films used for a and S characteri- 

zation. 

) The shape of the edge can be expressed either as   A, the slope of 

log a vs ftco which Is usually constant for log a ^ 3,or as   B, the slope 

of/odicüvs hw which is usually constant for 3 ^ log a ^ 5.5.   A and B vary 

3ß 
little with composition or annealing history for most chalcogenlde glasses, 

43 44 
whereas the amorphous tetrahedral elements      and alloys      can have 

45 values of A which are exceedingly sensitive to preparation method     and 

46 
annealing history.       A becomes Interesting for specific chalcogenlde 

47 48 
systems such as        Ge-Te     and GeSe2-GeTe       where Its compositional 

dependence hints at changes In the shape of the pseudogap. 

The transport properties which we have emphasized are the dc con- 

ductivity a and the Seebeck coefficient S, both of which have been extensively 

measured as a function of temperature In these studies.   Most amorphous 

chalcogenlde alloys including sputtered films have nearly linear log a vs 

1/T plots both In the unannealed state and after annealing to an elevated 

temperature just below T  .   To the extent that the conductivity obeys this 

simple relationship: 

cr = a   exp(-ÄE AT) 
o o 

■ 

, 
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we generally consider that conduction is occurring in the extended states 

in the vicinity of one mobility shoulder with a relatively constant mobility 

contained in a^   This picture is confirmed when the slope of eS/k vs 

1/T closely approximates &EQ.   Th-= sign of S under these conditions which 

is positive for tellurium-rich alloys and can be negative for As or Se-rich 

alloys indicates which mobility shoulder lies closer to the Fermi level E 

Exceptions to this general behavior can occur when the Fermi level is 

so situated that valence and conduction bands make roughly comparabi - 

contributions to the conductivity, or when the density of localized states 

at the Fenri level is so great that conduction takes place primarily by 

hopping.   Both situations lead to a thermopower which is small in magnitude 

and whose temperature dependence is less than the apparent activation 
49 

energy AEo.       Additionally, the former situation can give rise to a thermo- 

power which varies continuously through zero with heat treatment. 

Other transport parameters, in particular the a.c. conductivity50 and 

the photoconductivity,      provide further Information concerning the density 

of states and mobility functions.   Theae parameters have been carefully 
.        ,52,53 

analyzed and utilized to expand the knowledge of electronic transport 

in a few selected cases. 

i 
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2.1.3   Emphasis and Summary of Experimental Results. 

The emphasis of the glassy alloy studies has been directed on the 

one hand to the preparation and preliminary characterization of a wide 

range of amorphous semiconducting alloys   and on the other hand to the 

thorough characterization of a much more restricted range of carefully 

chosen prototypical compounds, alloys, and systems.   The procedure 

for thorough characterization involved in addition to the standard T 

and T   thermal measurements, the measurement of optical absorption, 
x 

a, electrical conductivity, a, and thermoelectric power, P.   cr and S were 

measured versus temperature throughout the experimentally accessible 

temperature range, which was limited at the lower end by the tolerable source 

impedance of our instrumentation and at the upper end by crystallization or 

by mechanical failure of the thin-film sample. 

The summary of alloys investigated under this program is contained 

in Section 2.2 and tends, at first examination, to emphasize the preliminary 

survey studies due to the numerical predominance of alloys in this category. 

However the "Properties Measured" column in Table 2.1 serves to 

identify all of those alloys examined in detail, which, though numerous, 

constitute a relatively small proportion of the total number of alloys synthe- 

sized in the course of the program. 

The preliminary results of the thermal, optical and transport investi- 

gations of the specifically selected prototype compounds, alloys and 

systems have been presented in the first four Semi-Annual Technical Reports, 

JHOMW» m^mmm ■UUJ^Jv-,c^...--..i- 
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most especially in the Third and Fourth of these Reports.   More of these 

results are included in Section 2.3 of the present report.   The complete 

list of publications and publications in preparation concerning this topic 

is given in Appendix I of this report. 

( 
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2.2       Summary of Alloys Invesügated Under this Program 

This section briefly describes the overall strategy of this program from 

a materials point of view.   We began with a largely empirical  perspective, 

bearing in mind the role of chemical ordering in determining short range order 

in complex alloys but without attempting to describe in complete detail the 

atomic and electronic structure as a function of composition.   We certainly 

believed that most A.S. alloys could not be produced by normal or even 

rapid spray-quenching        of the liquid, so that an integral component 

of our approach to the subject was to develop reproducible tech- 

niques for fabricating a wide renge of alloy compositions in the amorphous 

state via rf sputter deposition. 

As these studies progressed it emerged that a good measure of structural 

information could be determined indirectly by the various thermal, optical 

and electronic property measurements we were making.   We therefore chose 

to examine in detail a few selected simple binary and ternary systems, 

establishing structure-property relationships for them as a guide to other 

systems.   We also selected a few binary and ternary alloy compositions 

representing well known or potentially analyzable structural prototypes, 

and measured this thermal, optical and electronic properties in order to 

draw some preliminary conclusions regarding structure-property relationship 

in their parent binary or ternary systems. 

m* tmmmmmmmm*** ■BMi^iaiitfi'iiiii 
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Thus, rather than continue the composition-property measurements 

on thQ many allov systems which we began as the first stage of this materials 

investigation, we chose instead to characterize the thermal, op.ical and 

electronic properties of prototypical alloy compositions (As^, As2Se3' 

GeSeAs, GeTeAs, etc.) binary systems (Ge-Te, Ge-Se), pseudobinary systems 

(GeTe -GeSe   , GeAsTe-GeAsSe) and ternary systems (Ge-Se-Te) which typi- { 
2 ^ 

fled, to a first approximation, the range of behavior observable in the multi- 

component alloys. One surely must depart from the elemental and compound 

A.S. materials in order to witness many of the interesting and useful 

complexities of these alloys such as phase separation, optimum memory and 

threshold switching behavior etc. However, the excursions into three and 

four-component space must be judiciously selected in order to achieve des- 

cribable and intelligible results. 

The entire list of alloys fabricated under this program is listed in 

Table 2.1.   We have grouped these alloys into eleven categories which attempt 

to reflect the various purposes which motivated the selections of compositions 

to be studied.   Of the 460 or so alloys prepared, many were merely fabricated 

and stored after making certain visual observations of the melt or the ingot 

Itself.   Since we were concerned with amorphous phases, the alloys which 

were not at least partially glassy had to be sputtered to yield any useful 

samples, a process which is very time consuming in terms of cathode fabri- 
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TABLE 2.1 

List of materials and index of measuremenin for all alloys investi- 

gated under this research program.   Tg = glass transition temperature; 

Tx - beginning of crystallization exotherm, bcch measured at 20oC/min 

by differential scanning calorimetry.   Other properties measured in- 

clude:   a, electrical conductivity versus temperature; s, thermoelectric 

power versus temperature; a, optical absorption versus photon energy; 

x, x-ray diffraction pattern; k, thermal conductivity.   Where no bulk 

Tg value is reported, (a) indicates that a portion of the ingot appeared 

glassy, while (b) Indicates that no bulk glass was obtained.   The 

categories 1-11 refer to the classification of materials investigations 

which is described in Section 2 of the text. 

I i 
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cation and deposition time.   For example, the measurement of a T   value 
g 

requires roughly a 20 i « ihick film which in turn requires 20 hours of depo- 

sition time.   Thus the number of alloys which can be investigated even to 

this minimal extent is severely limited. 

The following text identifies the eleven categories of investigations 

by number, and summarizes to some extent the nature of the information 

obtained.   The table itself merely lists the compositions, and identifies 

the properties, if any, which were measured.   Inasmuch as the primary 

focus of this study was high temperature behavior, however, we have also 

tabulated T   and T   for all specimens on which these quantities were 

measured, in order to indicate the degree of thermal stability attained. 

Category 1.   Chalcogen-Saturated Pseudo-Binary Systems containing 

only V2 &   and IV VI   Components, 

Because tellurium was a universal component in almost all amorphous 

threshold and memory switching alloys reported through the middle of 1970, 

we focused our eaily emphasis in this program on the analysis of multi- 

component telluride glasses.   The concept of "chalcogen saturation" turr.ed 

out to be very useful in subdividing rrulti-component alloys systems, and we 

initially studied only alloys which appeared to meet this criterion.   When 

Group IV or Group V components are added to a Group VI chalcogen 

component, application of the 8-N rule for each component and 

assumption of complete chemical ordering lead to certain stolchlometrlc 

■*--''"-  - -        .  u^».>... ..    —^-^.„n,.    ,n 
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« 

ratios which permit 8-N   B neighbors around each A atom and 8-ND A 

neighbors around each B atom, where N    and ND are the number of valence 
A B 

electrons of A & B atoms.   These ratios are easily derived to be IV VI9 

and V2 VI3 where IV, etc., represent the Group IV, etc. components. 

We thus studied pseudobinary systems of the sort As Te„ - IV VI- and 

As2Te3 ~ V2 VI3' surveyin9 the basic physical properties including T   , 

electrical conductivity and optical absorption edge, in order to perceive 

the connection between composition, structure and properties for alloys 

whose structure could, to a first approximation, be represented as a 

random mixture of two chemically ordered components.   We broadened 

this Category 1 to include other alloys of the JV VI9 or V   VI   type, or a 

mixture of the two, in which As» Te» was not necessarily a component. 

The results of our investigations of Category 1 chalcogen-saturated 

alloys have been reported in the First Semi-Annual Technical Report     under 

this contract and have been published, in part, elsewhere.   With regard 

to thermal stability, the principal result of these studies was that no 

intermediate T   maxima were observed in any of these chalcogen- 
y 

saturated pseudobinary systems, and that T  (x), for those systems which did 

not phase separate, was a monotonic function of composition.   Several of 

these systems showed gross liquid immiscibility, and could only be 

prepared as homogeneous amorphous phases by rf sputtering.   Examples 

include GeS2 - As2Te3 (2080-2084) and As^ - As2Te3 (2055-2064). 

.*„• 

I 
■   I 
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Ca,e90ry2-    gj^SgägS^äteäted1seudorPiagry, Systens rnn^n.n,, 

a III VI Component. 

Category 2 includes a series of pseudo-binary chalcogen saturated 

alloys based on oomponents of the sort in,, VI3 in oombinatlon with As2 

Te3 or GeTS2.   This group of alloys is sepamted from Category 1 beoause 

short range order In glassy ohaloogenlde alloys containing a Group III 

constituent has not previously, to our knowledge, been considered In 

any detail.   Our assumption that the III,, VIj stoichiometry corresponds 

to chalcogen saturation in these systems must therefore be examined in 

some detail but. at the same time, recognized as an unsubstantiated 

hypothesis. 

Some indication of the short range order in in., vtj gtasses comes 

from the short range order in the corresponding crystalline structures.   For 

example Ga,,Se, has a defect chalcopyrlte structure with 1/3 of the Ga 

sites unoccupied.24  Thus each Ga has four Se nearest neighbors and each 

Se has an ayerage, 4x2/3=2 2/3 Ga neighbors,   stated differently, 

two out of eyery three Se atoms are bonded to three Ga atoms while one 

out o, every three Se atoms is bonded  o only two Ga atoms.  Another way 

of yisuallsing such a topological relationship is to consider Ga2Se3 

layers analogous toAs2Se3 layers, as in the orpiment structure!  Now, 

howeyer, in order to complete the valence shell of each Ga atom, one Se 

lone pair per Ga atom (i.e. 2/3 of the Se atoms) forms an inter-layer 

t^ammmtmmamt^^mimmm ÜHiAAlifai»'ninni [ it 11! i a ■ Yin rrr i "-^-^-^iiririTiiitii" MiM 
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coordinate bond.   By symmetry, all the bonds about each Ga atom become 

tetrahedrally disposed and equal in length, (cf. the resonance concept 

in chemical bonding) so that it is no longer possible to distinguish the 

coordinate bonds (two Se lone pair electrons valence electrons per bond) 

from the covalent bonds (one Se and one Ga valence electron per bond). 

We assume that all such covalently bonded crystalline materials retain 

their covalent short range order when prepared as amorphous solids. 

Let us now consider the case of amorphous binary Ga-Se alloys in 

the excess chalcogen Se-rich portion of the system.   We assume that the 

Ga covalency requiremonts are satisfied by the formation of four bonds: 

three covalent bonds each containing one Ga and one Se valence electron, 

and one coordinate bond containing only Se lone pair electrons.   This 

situation has some features in common with the topology of a Group IV 

atom in an excess chalcogen matrix, which also occupies a tetrahedral 

site.   Figure 2.1 serves to make the distinction clear.   Ga provides 

orbitals which are shared by 5 Se electrons, creating a site where five 

separate segments of chalcogen cha<n are joined together.   Of course the 

Ga atom itself is only 4-connected, but its contribution to the average 

connectedness of the structure is greater than that of Ge, consistent with 

the 8-N=C rule.   Indeed, by this rule, Ga0Se   has C=3.2 versus 0=2.4 for, 23 

say, As-Se,. 

If Ga^Se» has 0=3.2 and As2Se3 has 0=2.4, how can they both be 

chalcogen saturated?   Reference to Figure 2.1 shows that each Ga 

atom eliminates 1.5 Se-Se bonds by creating a branching point where 

3 chain segments come together. 
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Figure 2.1 
V 

i    i 

Schematic representation of the coordination of 

Gallium (a) and Germanium (b) in a Se-rich 

amorphous matrix.   Cross-linked chain seg- 

ments are indicated by circled numbers (1)- 

(5)forGa,  (l)-(4) for Ge. 
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I 
The chain segments attached to the three-connected Se atom which 

forms the coordinate bond to Ga (segments 4 and 5 in Fig. 2,1) do not 

deplete the concentration of Se-Se bonds.   Thus at Ga.Se- or Ga  -Se-Q, 

we have .6x2 singly occupied Se orbltals and .4x3 singly occupied Ga 

orbltals, establishing an equality of singly occupied Se and Ga orbitala 

and leading to chalcogen sdturat.vju (no chalcogen-chalcogen bonds) 

for the case of Ga Se   . 

Ga-Se   and Ga_S- tend to have such high melting points that mixtures 

containing them could not be melted at all.   Most of the other category 2 

alloys were not obtained as glasses, and no films were sputtered.   The 

In9S„-As9Te, alloys (2045-2049x were obtained as glasses, but only 

T   values were measured.   These alloy studies were abandoned in favor 
g 

of studies where glass formation tendencies were greater or where the 

structural state of the alloy was better established.   A further problem 

with mixed systems containing III- VI„ chalcogen saturated components 

in combination with V- VI0 components is the strong compound-forming 

tendency between the Group III and Group V components (GaAs, etc). 

This problem is crucial in formulating stable multi-component A. S. 

materials, and we shall return to discuss this issue in connection with 

studies of alloys in Categories 4 and 5. 

Cateaory 3.     Binary, Ternary and Quaternary Excess Chalcogen alloys. 

Category 3 includes a variety of one, two, three and four component 

alloys which have excess chalcogen (i.e. chalcogen-chalcogen covalent 

bonds are present). 
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These excess chalcogen alloys include the common electrical memory 

switching alloys based on the   GeTe-Te eutectlc and a variety of 

55 experiments on them, including photoconductivity     and rf sputter deposition 

55 
experiments     on alloy 3160, Ge    Sb S Te0., have been reported in the 

15     2   2     81 

course of these investigations.   Subtle   features of the thermal trans- 

formations of this alloy, especially the morphology of the Te crystallites 

and the role of Sb in supressing GeTe crystallization, have been described 

in the Second Semi-Annual Technical Report and in two publications. 

Phase separation appears to be a common feature of excess chalcogen 
cc 

multi-component alloys (even In certain binary systems, such as Se-BLSeJ, 

and a detailed study of this phenomenon has been reported for Category 6a 

32 Ge-Se-Te alloys.       The immiscibllity observed along the As S   - As Te 

chalcogen saturated Join has been extended within the chalcogen saturated 

portion of the As-S-Te system, and many of the Category 3 alloys (2120- 

2132) were synthesized to pursue that problem.   As described in the 

Introduction, such immiscibllity has been termed "secondary" phase 

separation since it does not arise from a tendency to form a certain set 

of covalent bonds.   Rather it apparently arises from the additional tendency 

to arrange fixed concentrations of bond types in space so as to minimize 

strain energy.   When we discovered the "primary" phase separation 

phenomenon in the excess chalcogen Ge-Se-Te alloys described in the 

Fourth Semi-Annual Technical Report, we abandoned the detailed investi- 

gation of the As-S-Te Category 3 alloys. 
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Category 4.     Ternary or Quaternary Chalcoqenlde Alloys, (Mostly 

Chalcogen Deficient) with Stable Binary Compound 

Forming Tendency. 

Category 4 alloys have in common the presence of 2 components with 

significantly different electronegativities (e.g. Zn and Te, Ga and As etc.) 

Thus these two tend to form a binary compound phase with a much higher 

*] melting point and bonding strength than any other pair of components 

I present.   The effects of ibis imbalance in the pairwlse interaction of 
1" 

the elemental components include: 

1. A difficulty in creating a homogeneous alloy liquid, due to 

the high melting point of the stable binary compound; 

2. A tendency for complete fractionation to occur during cooling, 

resulting in uncombined or weakly combined elemental components; and 

3. A difficulty in fabricating sputtering cathodes due to the 

refractory nature of the highly stable binary compound. 

i As a consequence of these various problems, we rarely attempted to 

prepare amorphous phases of alloys in Category 4.   Of course, the highly 

* stable binary crystalline compounds themselves can be prepared as stable 

amorphous compounds, but this stability is not imparted to multicomponent 

alloys based on these compounds.   When a third component is added, the 

glass stability is limited by the stability of this weakly-bond^u component, 

which is not enhanced by any ionic stabilization from the binary compound- 

forming components. 

1 
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A good example of this Category 4 phenomenon appears to be the Si- 

As-Se alloys, which are considerably harder to form and less stable then 

their Si-As-Te counterparts which, at first glance, are lezr strongly bonded. 

The resolution of this paradox lies in the larger electronegativity difference 

between Si and Se than between Si and Te,   Thus, strong Si-Se bonds 

are formed in Si-As-Se liquids, and the As atoms are left to fend for them- 

selves, forming a high vapor pressure phase which condenses upon 

cooling.   This very important principle is well recognized  as the requirement 

for forming ternary crystalline compounds, where the presence of stable 

30 
binary compounds is viewed as an impediment.       The extension to ternary 

glassy compounds is self evident. 

Category 5.     Ternary and Quaternary Chalcogen Deficient (or Absent) Alloys 

Without Stable Binary Compound Forming Tendency. 

This category of alloys provides the best examples of high thermal 

stability coupled with easy glass formation which we have encountered in 

A.S. systems.   The excess chalcogen and the chalcogen-saturated alloys 

can be very easy glass-formers in many cases.   However, the highest 

values of T   in these systems are always associated with the largest 
g 

band-gap chalcogen saturated compositions of the sort GeS   or SiO  , which 
2 2 

are essentially insulators and are partially ope.que in the mid IR wave- 

lengths (9-14nm) of interest for many optical applications.   Some of the 

chalcogen-deficient alloys,on the other hand, can combine higher 

conductivity and thus better mid IR transparency (e.g. the reststrahl 

absorption comes at ~ 25 ^) with values of T   well above 400 C. 
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We focused our exploratory studies of these alloys on two ternary 

systems which appeared promising:   Si-As-Te and Cd-Ge-As.   While it 

is interesting to note that the published compositions of many electrical 

threshold switching alloys fall into this broad chalcogen deficient 

classification, we reported in the Second Semi-Annual Technical Report 

that the highest T   Si~As-Te alloys did not appear promising for threshold 

switching.   This may be related to their relatively high resistivities.   It 

is possible that their disappointing performance as threshold switches is 

an artifact of our evaluation procedure, which was designed to test lower 

resistivity films in thicknesses of ca. 2^m.   The higher resistivity 

Si-Te-As alloys may demand much thinner films, which in turn demand 

a more sophisticated probe than the simple carl on pin we used. 

Alternatively, as one proceeds far enough into the chalcogen-deficient 

regime to obtain the highest T  's (W« 5 for Si-As-Te, N« 4 for Cd-As-Ge) 
g 

the role of lone pair chalcogen electrons is essentially eliminated, if 

each atom has the average coordination number C=8-?J, of 3 or 4. 

57 
Ovshinsky     has suggested that lone pair electrons may be an essential 

feature of reversible stable threshold switching alloys, because these 

electrons can be placed in excited states without affecting the lower lying 

covalently bonded valence electrons.   Thus the glass can retain its 

structural coherence during massive electronic excitation of the lone pair 

valence band electrons.   Presumably Nmust be somewhat greater than 5 

to permit a sufficient concentration of lone pair chalcogen electrons to 

umm 



68 

be liberated at high fields, producing the reversible threshold switching 

phenomenon without concomitant structural changes.   Alloy SiGO, with 

N = 5.34  is an example of a composition which has been frequently 

studied in the reversible threshold switching mode. 

Category 6.    Ternary Ge-Se-Te Alloys. 

We chose this system, as described in the Introduction of the Fourth 

32 Semi-Annual Technical Report,      in order to analyze in considerable detail 

the interplay of structure (via composition) and properties (thermal, electrical 

and optical) in a single ternary chalcogenide system.   Included in this 

system are the first examples of glassy chalcogenide alloys exhibiting 

an n-type Seebeck coefficient, including many alloys which are p-type 

48 
before annealing and become n-type after annealing.       In addition we have 

shown that a band level analysis which attempts to interpret the compositional 

dependence of d.c. conductivity, thermoelectric power and optical 

absorption in a structurally simple alloy system (GeSe„-GeTe? ) can be 

49 remarkably successful.       Furthermore, by investigating sputtered films, 

we have been able to introduce, control, and interpret an additional 

materials parameter, namely the defects introduced during the rf sputter 

deposition process. 

6a.     Excess Chalcogen Alloys 

In the excess chalcogen portion of the Ge-Se-Te ternary system 

(i.e., the area bounded by GeSe2, GeTe  , Se, and Te, but excluding 

the binary join itself), there is a strong tendency for a GeSe-rich 

liquid phase to segregate from a Te-rich liquid phase, due to the ener- 

getic favoring of Ge-Se and Te-Te bonds relative to more random mixtures 

 .    1  ii M—iMrtwin ——BMHi   
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Involving other bond types (e.g. Ge-Ge. Se-Se, Te-Se and Ge-Te).   This 

ordering phenomenon leads to phase separation only when weaker bonds 

can thus be excluded.   Phase separation is not observed along the 

GeSe  -Se or GeSe -GeTe    Joins, where the lowest energy bond types 

(Ge-Se and Se-Se or Ge-Se and Ge-Te) can coexist in a random distribution 

without topological impediments.   The region of phasa separation is 

elongated along the GeSe2-Te join and disappears as either excess Se 

or excess GeTe? is added. 
32 

6b.     Chalcogen Saturated GeSe2-G3Te2 Alloys 

We selected this system for detailed investigation in the fall of 1970 

as a logical sequel to our survey studies of the chalcogen saturated pseudo- 

binary alloy systems described in Categories 1 and 2 above.   The first 

results of these studies were reported at the 1971 International Conference 

at Ann Arbor58 and have been further extended and analyzed in preprints which 

48  49 
are listed in Appendix 2 . 

The results of investigations of alloys in Categories 6a, b and c have 

confirmed that optical gap and electrical activation energy maxima occur 

along the Ge(Te,Se  ) join as intersected by pseudo-binary joins of the sort 

Ge-(Te Se      ), e.g. Ge-Te, Ge-Se and Gel00-Se50Te50.   Rcckstad and 

Flasck28 have interpreted these results as a confirmation of chemical ordering 

tendencies with respect to the exclusive formation of Ge-chalcogen bonds 

for well annealed amorphous phases in the GeTe2-GeSe2 system.   This 

key feature, while it is the basis of the "chalcogen-saturation" definition, 
58 
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was unproven prior to the acquisition of these ternary system optical 

and transport results.       Proof that chalcogen-saturation in this system 

coincides with the exclusion of chalcogen-chaicogen and germanium- 

germanium bonds greatly simplifies the analysis of the compositional 

dependence of the band edge energies and Fermi level position and the 

concomitant electrical and optical properties. 

6c.     Chalcogen Deficient Ge-Se-Te Alloys 

These alloys nominally belong to Category 5, having relatively high glass 

transition temperatures and no highly stable binary crystalline pnase. 

However, the chalcogen deficient Ge~Se-Te alloys are not good glass 

formers, requiring deposition by rf   sputtering to obtain any amorphous 

material at all.   Furthermore, the structure of these alloys and the structure- 

property relationships appear to be anomalous with respect to other alloys 

having N **5.   GeSe, for example, has a relatively low value of T 
y 

(3220C) with respect to its band gap (for annealed material, E04 = 

1.70 eV) as compared to other N = 5 glasses such as As (T   = 343 C; 
y 

End =1.39 eV).   Many of the chalcogen-deficient Ge-Se-Te alloys, 

including all Ge-Te alloys between GeTe   and Ge, have no experimentally 

observable value of T  .   Rather, upon heating, they crystallize directly 

from the glassy state before reaching T   , reducing the number of chalcogen- 
y 

deficient ternary alloys whose T  's are known. 

We have argued   on the basis of enthalpy of formation data that 

amorphous GeTe contains an ordered network of 3-fold Ge and 3-fold Te, 

fin 
by analogy to the amorphous As structure,     but this model appears less 
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tenable than the conventional 4-fold Ge, 2-fold chalcogen model in the 

case of GeSe.   Indeed, aside from the enthalpy of formation measurements 

there are few data which are best satisfied by the 3-fold model for GeTe. 

From a structure-property standpoint the question is fundamental, because 

the identification of the valence band states depends on whether the 

chalcogen atoms are 2-cüordinated, thus retaining their lone pair non- 

bonding p-type electrons, or 3-coordinated, presumably forming 

coordinate bonds to Ge atoms with these lone pair electrons.   These are, 

of course, the same structure-property questions which came up in the 

analysis of the high T   alloys in Category 5, and well exemplify the 
y 

questions which remain unanswered even for two-component chalcogenide 

systems (e.g., the GeTe composition). 

Category 7.   Binary Joins Bounding Ge-Se-Te System. 

7a.    Ge-Te System 

We initially focused our attention in the Ge-Te system on the excess 

chalcogen "memory" alloys in the vicinity of Ge. ..Te^ and to the chalcogen 
1 b     d 5 

g   58 
saturated composition GeTe^ / '       However, by the fall of 1971 we recognized 

that a thorough study of at least one entire amorphous chalcogenide binary 

system would be essential to address the general questions which arose, 

for example, in interpreting the band levels for amorphous GeTe  .        The 

decision to extend our interest in Ge-Te alloys beyond the region of 

conventional glass formation   (roughly embracing Ge  nTe n to Ge    Te    ) 

or even beyond the range of observability of the glass transition 

■MMIMH» MMHM 
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phenomenon for sputtered films (Ge > 33%) was a significant shift away 

from our initial goal of identifying and synthesizing new high temperature 

glassy chalcogenide alloys.   However, when we attempted to extend 

the empirical rules for glass formation in the various systems surveyed 

by ourselves and others, the limitation of these studies to the easy 

glass forming compositions or to specific compounds (Ge, As S_, etc.) 

emerged as their major drawback.   By varying, for example, the number 

of valence electrons, N, across the entire range of covalent network 

formation from N=6 (chalcogen chains) to N=4 (diamond-like random 

networks), quite irrespective of glass forming tendency or thermal stability, 

it became possible to encompass in a single system many specific alloys 

which had been previously studied only in isolation, e.g. , Ge__Te0_, 
85     85 

GeTe2, GeTe and Ge.   Thus, a careful investigation of the optical, 

transport and thermal properties of the amorphous phases in this prototypical 

binary chalcogenide system became necessary to achieve further progress 

in understanding the structure-property relationships in the more 

complicated, albeit better glass-forming , multicomponent A.S. systems. 

The results of our investigations of the Ge-Te system were first 

published in the proceedings of the 1972 Warsaw International Semicond- 

59 
uctor Conference.       These studies have recently been extended to include 

the Ge-rich alloys as reported in Section 2.3.2 of this Final Report, and 

two articles are in preparation describing these alloys.47,61 
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7b.    Ge-Se System 

This system, and the Se-Te system described below, were studied 

as adjuncts to our examination of the Ge-Se-Te ternary system.   The 

GeSe- composition is especially to be noted in this system, as it 

corresponds to maxima of T  , £_. and En as a function of composition, 
g      U4 0 

indicating a high degree of chemical ordering and concomitant cross- 

linking at this composition. If Ge remains in 4-fold coordination and 

Se remains in 2-fold coordination as Ge is added to GeSe   , then 

connectedness increases with additional Ge as weaker Ge-Ge bonds are formed, 

62 63 
This is analogous to the behavior of GeC-      or GeS       as Ge is added, and 

the attendant decrease in T   is to be expected.   While we have studied 
g 

the electrical and optical properties of unannealed and annealed sputtered 

films ranging between GeSe   and Ge in composition we did not attempt to 

anneal most of these films above T   to incude the phase separation 
g 

64 
which has been reported,      for example, at Ge.-Se.-.   Thus we cannot 

40     60 

report on the generality of this phenomenon in the chalcogen-deficient 

portion of the Ge-Se system.   Indeed, the ordering tendency observed 

fin 
at GeTe in the Ge-Te system      contrasts with the phase separating tendency 

CO 

observed   at GeO in the Ge-O system.       However, our preliminary thermal 

analysis of rf sputtered GeS films indicates a broad exotherm Just at T 
g 

reminiscent at the phase separation exotherm observed for evaporated GeO 

films. 

I 
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7c.    The Se-Te System 

This system is of modest interest due to its inherent complexity, 

arising from the presence   of Se0 and (Se-TeJ copolymer rings mixed 

with chains in Se-rich glasses.   Also, Se-Te alloys have relatively 

little interest for high temperature applications, as the T   maximum is 

roughly 75 C at ~ Se.-Te.,,.   Another question of interest in this 
bU     4U 

system is the degree of chemical ordering which would be predicted 
c c 

because of the significant electronegativity difference between Se and Te. 

TeSe should thus be an ordered glass, If the Pauling criteria   adequately 

reflect the relative Se-Se, Te-Te and Se-Te bond strengths, as calculated 

on p. 47 of reference 32.   Evidence of ordering in crystalline SeTe 

has been obtained,     but we are unaware of any information regarding 

the amorphous phase.   Our En4 and ÄE   data for sputtered Se-Te alloys 

plotted vs.composition indicate no discontinuity of slope or curvature at 

SeTe, casting some doubt on the extent of chemical ordering at TeSe. 

Category 8.    Ternary and Quaternary Chalcogenide Alloys Containing Only 

Low Atomic Number Components, Z < 34:    The Search Fora Radiation 

Hardened Tellurium Analogue. 

This Category of alloys represents an unprofitable excursion from 

our main investigation of glassy chalcogenide alloys, motivated by a 

short-lived desire to Investigate potential high temperature threshold and 

memory alloys which contained no Te.   This investigation began in the 

spring of 1971, when we had not yet adequately appreciated the impact of 

the 8-N rule with respect to covalent binding.   Thus Category 8a contains 
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alloys with N <<4, which were thus highly metallic and showed no 

tendency to form semiconducting glasses.   These ingots were placed in 

storage and not examined further. 

Category 8b comprises alloys with N >4, some of which did form 

glasses.   In place of components such as Te, Sb and In we substituted 

components such as Cu, Zn and Ga, recognizing that alloys composed 

only of Ge, As, Se and lighter Group IV, V and VI components had very 

large band gaps and were essentially insulators.   In effect, we were 

inadvertently varying N , albeit in a relatively unsystematic fashion. 

This investigation opened up, without answering, the question of the 

coordination of Group I, II, and III components in chalcogenide glasses. 

We now postulate, based on the observations of other investigations 

for the Cd As2 Ge      and As^e^Cu26 systems, that each of these 

elemental constituents is tetrahedrally coordinated if covalent bonding 

occurs an-', if N > 4.   Of the four tetrahedral bonds, N   are shared 
c 

electron covalent bonds, where N   is the cation valency, and the balance 

arise from coordinate bonds with chalcogen   lone-pair electrons.   This 

postulate requires substantial confirming   evidence to establish its 

limitations and areas of applicability.   These studies were abandoned 

after calculations indicated that the temperature rise accompanying short 

intense x-ray pulses of thin telluride films were insufficient to degrade 

A.S. memory devices under these conditions. 

mmm mam 
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Category 9.    N   = 5 Chalcogen Deficient Ternary and Quaternary Alloys. 

After we discovered that the T   maxima in the Si-Te-As system lay along 

the line with N = 5 connecting As to SiTe , we explored the behavior of T 
g 

in mmerous other ternary and quaternary alloys having N = 5.   These 

allovs were mostly based on the SiTe-As join with the addition of the 

component GeTe, although many other systems were investigated as well, 

including GeSe-As and GeSe-GeTe-As . All the alloys we investigated in 

this category have high values of T  , ranging between 320OC - 450OC.   We 
y 

consider that these alloys constitute a very useful family of materials, 

and postulate that thny may derive their enhanced thermal stability relative 

to slightly higher and lower values on N by the assumption of 3-fold 

coordination of each elemental component.   This interesting hypothesis 

remains untested, and is discussed later in this Report in Section 2.3 

where recent results of some of these investigations are presented. 

Category 10.    Equimolar Ternary Alloys with N= 5. 

These alloys contain Group IV, V and VI compounds in equal 

concentrations.   This category is distinguished from Category 9 because 

the optical and electrical properties of most of the equimolar N = 5 alloys 

were extensively surveyed, whereas many of the Category 9 alloys were 

merely synthesized and evaluated by scanning calorimetry.   Furthermore, 

the investigations of the Category 10 alloys primarily involved sputtered 

film samples, while the Category 9 alloy studies primarily involved 

bulk glass samples.   The results of some of the Category 10 alloy studies 

are combined with data for Category 9 and 11 sputtered films and reported 

in Section 2.3 of the Report. 
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Category 11.     Egulmolar Ternary Alloys With N = 4.33. 

These alloys contain Group III, IV and VI components in equal 

concentrations, and were prepared to compare and contrast the roles of 

Group III and Group V components in alloys of the sort (HI or V)  IV VI  . 
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2.3        Recent Progress in the Structure-Property Relationships for Glassy 

Alloy Systeins 

2.3.1   Introduction 

This section reports some recently completed studies of binary and 

ternary alloys systems bearing on the question of structure-property 

relationships in A.S. alloys.   These are the less tractable chalcogen- 

deficient systems, including many poor glass formers which can only 

be studied as sputtered amorphous films, and for which there still exist 

few structural guideposts.   Conversely, these alloy studies break some 

interesting new ground, with the synthesis and careful examination of 

many new and relatively simple amorphous alloys which have never been 

previously examined. 

Historically these studies represent our final excursion under this Contract 

into the largely uncharted waters of the physics and chemistry of amorphous 

semiconductor alloys.   Our earlier studies focused first on the stoichio- 

metric chalcogen-saL-rated alloys of the sort GeSe2, A^Te^ etc.. and 

upon pseudo-binary systems based on them.   We then emphasized the study 

of the broad family of ternary and quaternary alloys v/hich have N = 5. 

These alloys combine glass formation with relatively high values of Tg 

with respect to optical gap energy, E^.   In this report vo show that 

most of these N = 5 alloys fall into an orderly linear grouping of Tg as a 

function of E   ., including the prototypical case of amorphous arsenic. 

The remaining territory to be mapped out among covalently bonded 
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chalcogenide glasses is thus tho region between N = 5 and N = 4, 

covering alloys of the sort GeTe - Ge (4 ^ N ^ 5) and GaGeTe 
j 

(N = 4.33).   As described in Section 2.2, the coordination of the chalco- 

qen component in this range of N is not well established, and, as N 

approaches 4 in the II-IV and IV-VI systems, models for the chalcogen 

coordination include both 2-fold and 3-fold possibilities.   These alloys 

> are unfamiliar and largely unexplored and yet they appear to hold the 

key to understanding the properties of the entire range of amorphous chal- 

cogenide phases containing either large amounts of a Group IV component 

(e.g. GeTe to Ge) or moderate amounts of Group I, II, or III components 

(e.g. Cu, Zn or Ga). 

In the following discussion we take the unproven view that the IV-VI 

systems contain the Group VI component only in 2-coordinated environ- 

ments, while the III-VI and IV-V-VI systems contain the Group VI component 

in 3-fold coordination.   The GeTe-Ge discussion, which assumes that Te is 

in 2-fold coordinatici. is thus in conflict with our own earlier interpre- 

f- tation of the GeTe amorphous structure as an ordered analogue to the 3-fold 

en 
arsenic structure. We make no apology for this discrepancy of inter- 

pretation;   the facts, as they have been accumulated to date, do not clearly 

indicate a preference for one model or the other.   Further studies of this 
i 

point, which are in progress, will be required. 

2.3.2    Ge-rich side of Ge-Te System 

In the 3rd Semiannual Report, electrical and optical data were given 

■ 
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for the Te-rich half of the Ge-Te binary showing that there were extrema 

in these properties at GeTe,,.67   An explanation of these extrema was given 

in terms of bond strength and the structure of GeTe   , with Ge and Te atoms 

in four and twu-foid coordination, respectively.   The Ge-rich half of the 

binary also shows strong variations of the conductivity activation energy 

*Eo and a with composition.   Figures 2 .2, 2 .3 and 2 .4 show the variations of 

the optical gap, AEo, and a with composition, all evaluated at 250C. 

Here ^ is taken as -ölna/3(l/kT).    In the case of Ge    Te      to Ge, 
8 (J     20 

as indicated by the weak temperature dependence of the thermopower, 

AEo cannot be interpreted as a true mobility gap, but only an 

operaüonally defined tanget to Ina.     The Seebeck coefficient 

S vs 1/T is shown in Fig. 2.5 for the annealed Ge Te       alloys.    Features 
x    1-x 

of these figures are: 

1. a increases as up to 107c of Te is added to Ge, i.e., from 

x = 1.0 to 0.9. 

2. For annealed alloys there is a sharp increase in AE   between 
o 

x = 0.8 and x = 0.7. 

3 .     The optical gap varies relatively smoothly between GeTe a : J 

Ge, although there is a shallow minimum at about x = 0.7. 

4.     The slope of the thermopower S vs. 1/T plot is significant 

for x = 0.7, but is small for x = 0.8 and for the low tempera- 

ture portion of the curve for Ge. 
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Figure 2.2 

Optical gaps E   , and Eo at 25 C versus 

composition for amorphous Ge Te       virgin 

and annealed sputtered alloy films. 
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Figure 2.3 

I 
I 

Conductivity activation energy AEQ versus 

composition for amorphous Ge
x

Tei_x vir9in 

and anaealed sputtered alloy films.   By 

definition, AE0 = -ö(lna)/ö (lAt) eval- 

uated at 250C. 
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Figure 2.4 

o 
Electrical conductivity at 25  C versus 

composition for amorphous Ge Te^ 

virgin and annealed sputtered alloy 

films. 
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Figure 2.5 

Thermopower S(mV/deg) versus 10 /T 

for amorphous Ge Te,      annealed 
x    1-x 

sputtered alloy films. 
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An interpretation of these data is as follows:   Transport at room 

temperature and below for Ge is due predominantly to hopping among 

localized states in the vicinity of the Fermi level.   Additions of up to 

20% Te to Ge increase the density of localized states by adding lone 

pair localized states.   Hence, predominant transport for up to 20% Te 

is also due to hopping at the Fermi level, and a (25  C) increases with 

increasing Te content over that of pure Ge. 

At 30% Te, the lone pair s'ates from the Te atoms ro longer go into 

the solid as localized states ;   rather,  they form part of the valence 

band.   Further, it is important to note that materials with 30 to 100% Te 

apparently have much lower densities of localized states at the Fermi 

level than does amorphous Ge.   Hence, carrier transport in these latter 

materials takes place predominantly in either the valence or conduction 

band rather than by hopping at the Fermi level.   The Fermi level for 

these latter materials is located in the vicinity of midgap. 

Pure amorphous Te has a lone pair band which is higher in energy 

than the bonding band; yet there is partial overlap of these bands.   As Ge 

is added, the lone pair band continues to exist but its overlap with the 

bonding bands progressively increases as the composition 

changes from Te to Ge    Te     .   At Ge    Te     , the two bands have merged 

and are indistinguishable.   The merging of these bands, from Te to 

Ge    Te     , can be seen in the photoemission results of G. B. Fishpr 
/ U       0 u 

Because of this progressively increasing overlap with increasing Ge- 
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content, the variation of the optical gap with composition is relatively 

smooth except for the peak at GeTe   .   As predicted by Kastner,      a 

transformation from lone pair localized states to lone pair bonding 

states (albeit, with hybridization between the lone pair and bonding 

states) takes place between Ge and Ge    Te    .   Nevertheless, the opti- 

cal gap varies smoothly in this region because when the lone pair states 

merge into a band, they merge with the bonding band rather than forming 

a new band centered between the bonding and anti-bonding bands. 

Furthermore, the change of properties with composition may be a gradual 

transformation rather than the sharp transition suggested by Kastner. 

We interpret the lower conductivity at x = 0.7 relative to that at x = 0.8 

to mean:   1) Lne former material has a much lower density of localized 

states in the gap, and 2) the magnitude of the thermally activated band 

conduction at x = 0.7 at 2b  C, is less than that of hopping conduction at 

x = 0.8. 

2.3.3        Thermal, Optical and Transport Properties of Selected Sputtered 

Amorphous Alloy Films. 

2.3.3.1    Introduction 

In Appendix II to this report can be found a summary of the relationship 

between Tg and E04 for a variety of A.S. alloys grouped as a funccion of N 

or C.   C £ 3 in this summary, because most of the amorphous chalcogenide 

alloys crystallize below T   for C > 3.   We predict in that report that T 
g g 

for a fixed value of E^ should increase as C increases from 3 to 4, but 
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this has not been proved.   Furthermore there appears to exist a counter- 

example:   T   in the Si-As-Te system tends to peak at N = 5 as the Si/Te 
g 

55 
ratio is varied for a wide range of fixed As content.        While E^, has not 

04 

been measured for most of the Si-As-Te alloys, our preliminary results 

indicate that it is a relatively insensitive function of composition in the 

N = 5 portion of the system and thus variations in £_. seem unlikely to 

account for the shallow T   maximum at N= 5. 
g 

In this section we summarize schrie thermal, optical and transport data 

for a wide variety of systems including many with N = 5.   We also report 

new data on the variation of T   with N in two systems, Cd-Ge-As and 
g 

Ge-As-Se-Te, which have extensive glass forming regions embracing C - 4 

and C = 3 compositions respectively.   These studies were undertaken to 

indicate the presence or absence of T   maxima at the C = 4, N = 4 and 
g 

C = 3, N = 5 compositions.   Finally we present our preliminary T  , AE 
go 

and E   . data for the N4.33, 0=3.66 ternary alloys of the sort GaGeSe, 

etc., and compare these results with the N = 5 class of alloys. 

2.3.3.2   Optical, Electrical and Thermoelectric Properties. 

Fig. 2.6 shows the compositional variations of the optical gap E   ., 

the electrical activation energy AE  , and the conductivity at 25 0, as 
o 

arsenic is added to (GeTe)       ,  (GeSe)       , and Te, respectively.   Figure 2.7 

shows C and the thermopower S for the same alloys.   AE   is taken as 

-ölna/b(l/kT) at 2500 and O is the preexponential in cr = 0 exp(-AE AT), 
o 

also evaluated at 25 0.   It is necessary to specify that AE   and 0 are 

\ 

- 
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Figure 2.6 

The optical gap (E   .), the conductivity active lion 
Ü4 

energy (AE ), and the conductivity (a) vs. compo- 
o 

sition in the (GeTe)    g-As, (GeSe)0 g-As, and 

Te-As binaries at room temperature unannealed 

states (virgin, v) and the annealed states (a).   E   . 

is the photon energy at which the absorption co- 

efficient is 104cm'1.   AE   s-ölncr/a(l/kT). 
o 

" 
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evaluated at 25 C since Inff vs 1/T curves for these alloy films are 

generally not precisely linear, even though the conductivity is thennally 

activated.   In all these figures solid lines represent annealed (a) alloys 

and dashed lines represent unannealed (virgin, v) alloys.   The variations 

of E     , AE  , and a are relatively straightforward and require little comment. 

One noteworthy feature of Fig. 2.6. however, is that, except at the end- 

points of the pseudoblnaries 2 AE   increases more upon annealing than 

does E0/,.   That is, the ratio ÄE /En4 is larger for annealed materials 

than for unannealed materials.   We discussed this same effect earlier for 

sputtered amorphous GeTe -GeSe   alloys and interpreted it to mean that 

the Fermi level is relatively closer to the valence band in unannealed than 

in annealed materials.   The same interpretation probably applies to the new 

materials described here. 

Another interesting feature of Fig. 2.6 is that there are large minima 

in conductivity at GeTeAs and GeSeAs with respect to the endpoints for the 

annealed materials.   These minima correspond to observed maxima in ÄE  . 
o 

These minima are nonexistent for the unannealed materials.   Apparently, 

in sputtered alloys deposited on substrates near room temperature (or below, 

presumably), the properties of alloys generally are fair averages of the 

properties of the endpoint materials.   Annealing of such alloys changes 

the detailed structure sufficiently to bring out interesting alloying effects 

such as the minima in a(?5  ).   Temperature-dependent conductivity curves 

are shown in Fig. 2.8 for the (Ge      Se      )      As      Hoy system. 
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Turning to the thermopower plots of Fig. 2.7 we see that pure amorphous 

arsenic is n-type in both the unannealed and annealed states.   Further we 

note two general trends:   As arsenic is added to GeTe, GeSe, or Te the 

materials tend to become more n-type whether in the unannealed or annealed 

states.   Second, annealing tends to make the materials more n-type.   The 

only exception to this rule are the materials containing about 50% or more 

tellurium, i.e., x = 0 in the (Ge^  _Te.,  .),    As   system and x = 0 to 0.5 
0.5    0.5 1-x    x 

in the Te      As   system.   In these latter materials, either annealing causes 
1 —X      X 

no change because of the low T  , or else annealing increases the separation 
y 

of the Fermi level and the valence band, but not sufficiently to cause the 

material to become n-type.   For the materials with less than about 50% 

Te, annealing also causes the Fermi level - valence band separation to in- 

crease.   This increase is sufficient to make the material n-type if they 

were originally p-type (e.g., GeTeAs) or it makes them more strongly n-type 

if they were originally weakly n-type (e.g., GeSeAs).   The materials showing 

a thermopower between about -0.5 and 0.5 mV/  K probably have mixed 

valence and conduction band transport. 

In the As-Te binary it might be considered surprising that there are no 

extrema in E   . or other properties at the stoichiometric composition. As Te   , 

as there are in the Ge-Te binary.   However, this lack of extrema is no doubt 

due to the small ionicity of the As-Te bond, as indicated by the small electro- 

65 
negativity difference for As and Te on Pauling's     electronegativity scale. 
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Figure 2.7 

Left hand column:   the conductivity pre-expo- 

nential C for the (GeTe)     ^-As,  (GeSe)o g-As, 

and the Te-As binaries.   C !.3 an extrapolation 

to infinite     temperature of the tangent at room 

temperature to Ina vs. 1/T. 

Right hand column:   The thermopower for specific 

compositions within the same binaries. 

In both columns, broken liner, represent the un- 

annealed (virgin) materials and the solid lines 

reprer-e. t the annealed materials. 
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Figure 2.8 

The temperature dependence of the conduc- 

tivity for unannealed and annealed amorphous 

GeSe, GeSeAs, and arsenic. 
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Fig. 2.9 and 2.10 show the above-discussed properties as Te is 

replaced by Se for the GeTe2-GeSe2, GeTe-GeSe, and GeTeAs-GeSeAs 

pseudoblnaries.   The GeTe -GeSe2 pseudobinary was treated in detail 

48,49 
in earlier technical reports and on accompanying peprints, but is 

included for comparison with the other alloy systems.   For all these 

systems the optical bandgap and electrical activation energy increase 

with increasing Se-Te ratio, as expected, and the conductivity decreases. 

The most salient feature of the optical and electrical data is that the 

annealing effect on AE   and log a is much greater in the system containing 
o 

arsenic than it is in the other two systems.   This can be related back to our 

discussion of Figs. 2.6 and 2.7 where we noted that AE   and log a for 

unannealed films of GeTeAs and GeSeAs lay on nearly straight lines between 

the endpoints of the GeTe-As and GeSe-As systems.   In contrast, annealed 

GeTeAs and GeSeAs had unusually large values of AEo (and small values 

of log a with respect to the endpoints), yet such extrema were not seen 

in E     .   From Fig. 2.6 we deduce that AE /E04 is largest for annealed 

GeTeAs and GeSeAs, suggesting that the Fermi level is closer to the center 

of the gap between the valence and conduction bands for these particular 

materials than for the other materials. 

The other salient feature of Figs. 2.9 and 2.10 is the general trend for 

a stronger n-type tendency as the Se:Te ratio increases;   this is true for 

both the unannealed and annealed materials.   Also, as similarly noted in 

Figs. 2.6 and 2.7, annealing increases die tendency toward n-type behavior 
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Figure 2.9 

t 

The optical gap (Eo4)* the conductivity acti- 

vation energy (AE ), ard the conductivity (or) 
o 

vs. composition in the (GeTe MGeSe ), 

GeTe-GeSe, and GeTeAs-GeSeAs binaries at 

room temperature for the unannealed 

(v, broken lines) and the annealed (a, solid lines) 

states.   E   . is the photon energy at which the 

4     -1 
absorption coefficient is 10 cm     .    ÄE   = 

-ainor/öd/kT). 
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Figure 2.10 

5 

Left hand column:   the conductivity pre-expo- 

nential C for the (GeTe )-(GeSe ), GeTe-GeSe, 

and GeTeAs-GeSeAs binaries.   C Is ön extrapo- 

lation to infinite temperature of the tangent at 

room temperature to Ina vs. 1/T. 

Right hand column:   The thermopower for specific 

compositions within the same binaries. 

In both columns, broken lines represent the un- 

annealed (virgin) materials and solid lines repre- 

sent the annealed materials. 
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by reducing the positive thermopowers, increasing the magnitude of the 

negative thermopowers, or by changing positive thermopowers to negative. 

In summary we can note several characteristics: 

1. Germanium telluride and tellurium have positive thermopowers. 

2. Adding arsenic and/or replacing tellurium with selenium causes 

a tendency toward negative thermopowers. 

3. a) Annealing of films deposited on room temperature substrates 

causes a tendency toward negative thermopowers, provided 

that the total tellurlu i content of the alloys is less than about 

50%. 

b)  In all cases, a;  de from bringing about increases in the band 

gaps, annealing moves the Fermi level further from the 

valence band rhan it was before annealing. 

The only except'ens are pure arsenic and those materials which 

are annealed as-depoalted because of low T 's. 
g 

2.3.3.3   Thermal Properties 

The variation of T   and T   with N along a portion of the pseudo-binary 

join Ge    As    -As    Se     Te     In the Ge-At'-Se-Te quarternary system Is 
80     20        20     40     40 

displayed In Fig. 2.11.   This system has an extensive volume In which 

glasses can be prepared by quenching of the liquid phase, and the data In 

Fig. 2.11 were obtained on bulk glass samples.   While the T   and T   data 
g x 

could be further extended to AsonSe ..Te .. (N = 5.8), Ge.-As.-Se, .Te, _ 
20     40     40 50     20      Is      lo 

(N = 4.8) and lower N alloys could not be quenched to form bulk glasses. 

m*ram a——a 
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Fiqur? 2.11 

Variation of T   and T   with composition and 

N, where N is the average number of outer 

electrons per atom, in a portion of the pseudo- 

binary system As^Se^Te^ - As^Te^.   Only bulk 

glass samples were used. 
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We note in Figure 2,11 that T   increases monotonicaiiy with decreasing 
y 

N, and thus that no T   maximum occurs at N = 5.   The extension uf this 
g 

trend beyond N = 4.9 would require sputtered film samples.   Furthennore, 

we note that the interval between T   and T   decreases with decreasing N, indi- 
g x 

eating a decreasing kinetic stability of the amorphous phase above T   . 

28 
Such bends have been observed in the Ge-Te and Ge-Se systems, and 

generally lead to the condition T   < T   when N has decreased to some x      g 

particular value M* (N* = 5.33 in the Ge-Te system, N* = 5 in the Ge-Se 

system).   These results are in agreement with the conjectures in reference 

69      regarding the dependence of T   upon C = 8 - N but are inconsistent 
9 

with our observations of T   vs N in the Si-As-Te system, where T   peaked 
g 9 

55 
at N= 5. 

The same question arises in a djf<:3rent context in the Cd-Ge~As ternary 

system, which is unusual because easy glass formation occurs for N ^ 4 

whereas easy glass formation normally occurs only for N = 5 - 6.   In Figure 

2.12 we plot T   and T   versus N along a portion of the pseudobinary system 
g x 

Cd Ge-As.   The T   and T   data could not be further extended towards 
2 g x 

Cd Ge without sputtered samples because the alloy As    Cd      2Ge\8  6 ^N= 3'1 ''^ 

and all lower N alloys could not be prepared as bulk glasses.   Extension 

of the data towards pure As was not attempted, although the T   of sputtered 

o 
amorphous As glass is 343 C. 

We were surprised by the result that a glass with N < 4 could be pre- 

pared in this system, and, furthermore, that this glass had the highest 
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Figure 2.12 

Variation of T   and T   with composition and 
g x 

N, where N is the average number of outer 

electrons per atom, in a portion of the pspudo- 

binary system Cd Ge-As.  Only bulk .jiass samples 

were used. 
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value ot T   measured along the As--Cd„Ge join.   While no electrical or 
g 2 

optical properties of this glass were measured, it can be concluded from 

its high value of T   that covalently bonded glasses can be prepared with 

N < 4.   Cd Ge does not form a stable crystalline compound and yet 

its stoichiometry Is suggestive of a possible ordering tendency which may 

only manifest itself in the amorphous phase.   More work is needed to 

evaluate this unusual behavior. 

We now turn to a comparison of some N = 5   IV V VI equimolar sputtered 

amorphous alloys with the N = 4.33 equimolar III IV VI analoges with the Group V 

element by the Group III element from the same row of the 

Periodic Table.   The data for T  , T   and E^. for these eight allc/s are 
g     x 04 

listed in Table 2.2.   The T   and E^. data for the alloys with N = 5 have 
g 04 

been reported in reference 69    and fall along the line T  ( K) = 350 + 
g 

195 E (eV) which includes amorphous arsenic. We therefore speculate 

that these alloys share in common with As a 3-connected network where 

every atom has th'-ee-fold coordination. 

The N = 4.33 alloys containing a Group III component have values of 

E   . comparable to those of the Group V analogues.   This result suggests 

that the increase in bonds per atom from C = 3 to C = 3.66 just balances 

the increase in the heat of atomization involved in the substitution and thus 

that the average bond strength is unchanged by these substitutions. 

Of course we would then predict that T   should be higher for the 
g 

N -- 4.33 alloys than for their N = 5 analogues.      The T   resultb 
9 
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TABLE 2.2       Comparison of E04, T   and Tx for N = 5 and N = 4.33 

Equlmolar Ternary ADoys.   Ta Is the temperature of 

annealing prior to measurement of E   4. 

I 

Composition E04' fcV T   ,0C 
a 

T/C T   ,   C 
X 

N= 5 

3069 AsGeSe 1.674 301 404 >500 

3078 AsGeTe 1.318 302 333 383 

3109 SbGeSe 1.142 271 301 358 

3108 SbGeTe 0,880 217 249 263 

N= 4.33 

3094 GaGeSe 1.604 304 

3096 GaGeTe 1.230 299 

3095 InGeSe 1.292 300 

3097 InGeTe 1.176 297 

(350) 

(295) 

(405) 

410 

(336) 

410 

mm •—- ■ A^  
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in Table 2.2 for the N = 4.33 alloys are missing or bracketed.   For the 

two N = 4.33 tellurlde alloys, no T   was observed and T   was, indeed, 
9 x 

significantly higher than for the two N = 5 telluride glasses.     or the two 

N = 4.33 seienide alloys, T   was only observed upon rescanning »-he 

appropriate temperature intervals; the initial scans revealed exothermic 

effects which are normally associated with the removal of defects by 

annealing.   However, the substantial exotherm associated with defect ( 

annealing never occurs above T , so we must conclude that phase sepa- g 

ration accompanied the defect removal in this instance.   Therefore, the T 
g 

and T   values which we subsequently measured pertain to one of the sepa- 

rated amorphous phases and not to the homogeneous N = 4.33 glass.   These 

T   and T   values are thus bracketed, and should not properly be compared 

to those obtained on the analogous N -- 5 seienide glasses which displayed 

the normal thermal effects in the vicinity of T  . 
g 
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EFFECTS OF DC SUBSTRATE BIAS ON THE PROPERTIES OF 

RF SPUTTERED AMORPHOUS GERMANIUM DITELLURIDE FILMS 

E. A. Fagen, R. S. Nowicki . and R. W. Seguin 

Energy Conversion Devices, Inc., Troy, Michigan 

0 

D 

ABSTRACT 

We have studied the changes in chemical composition, capture and 

release of argon, electrical conductivity, and morphology of crystalli - 

zation which result from changes in DC bias applied to the substrate during 

the RF sputtering of amorphous thin films of nominally stoichiometric GeTe„. 

We find (1) a strong increase of Te deficiency with negative bias, (2) a strong 

increase in incorporated argon content with negative bias, (3) a strong 

currelation between Te deficiency and argon content, (4) no dependence 

of argon content on film thickness, (5) violent release of argon under cer- 

tain circumstances, (6) scant correlation between argon content and elec- 

trical properties, (7) slightly stronger correlation between compositional 

variation and electrical properties,  (8) a residuum of unexplained varia- 

tion in electrical properties, and (9) morphological variations consistent 

with departures from stoichiometry.   We conclude that the rare gas con- 

tent of nonreactively sputtered chalcogenide alloys is largely inactive except in- 

sofar as it determines the kinetics of its own release at elevated tempera- 

tures, but that control of substrate potential during deposition is never- 

theless essential for th,? attainment of quantitatively reproducible trans- 

port properties. 
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I.     INTRODUCTION 

It Is now generally recognized that the reduction of amorphous 

semiconductor technology to an exact science demands complete and 

careful control of every aspect of sample preparation and history, and 

that failure to exercise such control accounts for most if not all of the 

disparities between published observations on nominally identical 

materials.   While these problems are in general less acute with chal- 

cogenide alloy glasses than with elemental amorphous semiconductors, 

it "s nevertheless true that even the former class of materials demands 

more rigorous characterization than it has hitherto received if quantita- 

tive reproducibillty of properties from specimen to specimen and labora- 

tory to laboratory is to be achieved.   The present study forms a portion 

of a continuing exploration of the effects of deposition parameters on the 

properties of non-reactively sputtered thin films of chalcogenide alloys, 

in order that the choice of these parameters may be put on a rational basis 

and reduced to routine.   Previous portions of this research program, 

largely unpublished,   have examined the effects of substrate temperature, 

sputtering rate, ? )d sputtering pressure on the properties of technically 

useful alloys near the eutectic composition of the Ge -Te binary system. 

In the present investigation we have focused on the effects of DC bias 

applied to the substrate during deposition.   In essence, this important 

parameter controls both the kinetic energy and charge state of atoms bom- 

barding the substrate.   Thus it can profoundly influence the short-range 

L__ 
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ordering, conformation, morphology, or Impurity content of deposited 

films, and through these their optical, magnetic and transport properties, as 

has been abundantly demonstrated in the case of elemen^l metals. 
2-13 

In 

the case of alloys and compounds It can in addition affect the composition, 

with still further consequences for their measured properties. 

As work on the chalcogenide alloys progressed, it soon became 

apparent that the principal effects of bias variation (at least within the 

range defined by other, fixed, parameters of deposition  '     '     ) were to 

vary the degree of departse from the nominal composition and the amount 

of argon gas incorporated In the film in roughly comparable amounts. 

This proved so interesting in Itself that it thenceforth seemed more 

h^nsible to regard composition and argon content rather than DC bias 

as the primary independent variables, and the electrical and morphologi- 

cal properties as derived or dependent quantities.   This point of view 

has been adopted in much of the description which follows.   In particu- 

lar, we have addressed the problem of the correlation (if any) between 

the argon content and other properties of our films, In response to the 

lingering suspicion that uncontrolled variations in argon content are 

17 
the cause of many otherwise inexplicable discrepancies.       In this connect.'on 

we have made extensive use of a new diagnostic technique, thermally 

Induced argon release, which yields information not merely about the 

total argon content but also about the detailed mechanisms of Its desorp- 

tlon. 

•, 
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Apart from this, we have not attempted any description of our 

ooservations in terms of the atomic mechanisms which underlie 

them.        We believe that this phenomenological approach presently 

offers the best hope of embracing the wide variety of behavior exhibited 

by amorphous semiconductors, and bringing their characterization to the 

standards of completeness and accuracy set by crystalline semiconduccors, 

u 

II.    SAMPLE PRSPARATION AND CHARACTERIZATION 

The amorphous alloy GeTe2 was chosen as the subject of this 

investigation because of the extensive study which has alre dy 

been devoted to its electrical, optical, thermal and structural 

properties, and their variation with composition in the neighborhood 

of stoichlometry.     ' The fact that many of these properties 

exhibit a local maximum or minimum at the stoichlometric composition 

seemed to provide assurance that small departures from stoichlometry 

would be immediately visible.   In retrospect, it might have been 

more useful to choose a region of the binary system in which these 

properties vary rapidly but monotonlcally, so that the sign as well 

as the magnitude of the compositional shift might be discerned 

on sight. 

A sputtering target 8.9 cm. in diameter was hot-pressed under 

inert gas cover from vacuum-melted constituents of "five 9's" purity. 

-3- 
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This was mounted In ä Mathls SP-310 RF diode sputtering assembly 

atop y conventional oil-pumped vacuum system with liquid-nitrogen 

cooled chevron baffle.   Background pressure before throttling was 

of order 2x10     torr.   Power was supplied by a Mathls Mark III RF 

generator and matching network operating at 13.56 MHz.   All other \ 

deposition parameters were fixed at values empirically determined I 

through previous experience to yield stable and reproducible films of 

high quality, without regard for compositional accuracy or argon 

content.   The target-substrate spacing was 3.5 cm.   Substrate 

temperature was limited to a maximum of 45 C under all conditions of 

operation.   Normal jputtering pressure was 6 millitorr of UHP argon. 

The matching network was tuned to an indicated 700 V rms of RF, 

giving an average power of 30 W , or a power density of approximately 

2 
0.5 W/cm   at the target face.   The average DC component of the 

applied RF was 750 V# varying slightly with substrate bias.   The 

resultant deposition rate varied from 21 to 32 nm/min., with larger 

values corresponding generally to more positive substrate bias. 

Throughout the entire sequence of runs no parameter was changed 

excepting the bias voltage and the duration of the run.   In every 

instance the target was first stabilized or "seasoned" by sputtering 

against a closed shutter for 30 minutes.   After deposition the bell 

jar was backfilled with UHP argon and the substrates were quickly 

ISO 4- 
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removed to a desiccator to be stored until needed. 

In order to ensure that the active surface of the growing film was 

truly equlpotentlal, It was found necessary to coat the substrates 

(Coming 7059 glass) with approximately 100 nm. of previously sputtered 

molybdenum.   In the case of specimens Intended for mass spectrometry 

this coating was continuous.   In the case of specimens Intended for 

electrical conductivity measurements this coating was divided into 

two coplanar interdlgitated electrodes by a serpentine gap 0.31 mm. 

wide and 31 cm. long.   Subsequent optical microscopy of the 

crystallized films (to be described more fully below) established that 

there was no significant potential variation across the width of this gap. 

In either case, DC bias from a heavily bypassed power supply wpq 

applied directly to the molybdenum with spring clips which served 

also to hold the substrates in position.   The range of applied bias 

was restricted to - 10% of the average DC component of the applied RF, 

in order not to perturb the plasma too greatly.   Bias more negative than 

-75 V led to substantial reemisslon from the substrates, and drastically 

reduced the deposition rate.   Positive bias larger than +75 V could be 

tolerated if precautions were taken to prevent shorting of the substrate- 

anode insulation. 

Table I gives the physical characteristics of all samples in the 

principal series of runs in this study.   Note that a zero entered in the 
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second column signifies a grounded, not a floating, substrate. 

Additional runs, not tabulated, were made under substantially Identical 

conditions in order to provide samples for other diagnostic techniques. 

Film thicknesses were measured with a Sloan Dektak and confirmed with a 

Watson interference microscope.   The fifth column gives the germanium 

content as determined by electron microprobe analysis, normalized such 

that tellurium constitutes the balance.   Inasmuch as bulk glassy GeTeo 

cannot be  prepared by quenching from the melt,20 it was necessary to 

standardize the microprobe data with respect to the composition GeTe. 

This led in tum to certain problems of interpolation which forbid assigning 

absolute accuracy higher than 1% to compositions determined in this 

fashion.   Repeated readings on the same specimen, however, yielded 

determinations differing by only 0.2%, suggesting that the relative or 

internal accuracy of the data is much higher.   Finally the sixth column 

gives the total argon content of the sample,here expressed as atoms per 

atom of glass,     in percent.   This was determined by heating the sample 

to exhaustion In a residual gas analyser and Integrating the resultant 

argon ion current. In a manner to be described more fully below.   Rather 

large limits of uncertainty (-20%) must be ascribed to this column too, 

owing to uncertainty in some constants of the computation.   Here again, 

however, the internal consistency and reproduciblllty of the data appear 

to be substantially higher, as may be judged by comparison of the results 
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for nominally identical specimens. 

In Figs. 1(a) and 1(b) the composition and total argon content of 

our samples are displayed explicitly as functions of bias voltage.   Note 

first that there exists a plateau extending from 0 to +50 V In which the 

composition Is sensibly Independent of bias.   Unfortunately the com- 

position within this plateau does not coincide with stoichiometry, contrary 

to what one might expect from consideration of local ordering tendencies18. 

In view of the somewhat arbitrary normalization procedure described 

above, we are unable to state whether this discrepancy is an artifact of 

data reduction or real, and If real, how it originates.   In any event the 

composition clearly departs in the direction of tellurium deficiency at 

negative bias, and germanium deficiency at high positive bias.   We 

tentatively interpret the former effect as the preferential resputtering of 

tellurium, owing perhaps to its smaller atomization energy. 

We are unable to propose a comparable mechanism for germanium deficiency. 

The total argon content, on the other hand, exhibits a shallow minimum 

in the neighborhood of +25 V.   Following Winters and Kay,4 we attribute 

the rise of argon content with negative bias to the implantation of energetic 

Ar   ions accelerated through the bias potential, and the substantially bias- 

independent portion of the curve to the embedding of energetic neutrals which 

have escaped thermalization  within the plasma.   Note that the chosen range of 

DC bias produces approximately a sixfold variation in argon content. 
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The qualitative resemblance between Fig. 1(a) and Fig. 1(b) suggests 

plotting argon content directly against composition.   The result is shown 

in Fig. 2, and it can be seen that there is indeed a high degree of cor- 

relation.   It is tempting but improper to conclude from this correlation 

that there exists a microscopic connection between the mechanism of 

argon incorporation and the mechanism of tellurium resputtering, e.g., 

perhaps argon atoms take up residence predominantly in tellurium ion 

vacancies.   The discussion of this appealing conjecture cannot be 

undertaken, however, until more is known about the character of molecular 

complexes in amorphous chalcogenido films. 

JH.  EXPERIMENTAL RESULTS 

1.   Thermally Induced Argon Release 

The determinations of total argon content discussed in the previous 

section are merely a byproduct of a much more elaborate and Informative 

diagnostic technique, the technique of thermally induced argon release or 

21 
argon effusion analysis.      We applied this technique to all samples listed 

in Table 1.   The specimen is placed in a continuously pumped high vacuum 

oven and heated at a uniform slow rate.   Argon is progressively liberated 

from it, and is detected with a residual gas analyser tuned to 40 amu. 

The resultant plots of argon partial pressure vs. oven temperature are 

rich in structure, and can be correlated with various stages In the thermal 

124 
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decomposition of the film.   Moreover, the area under the partial pressure 

curve up to any temperature is proportional to the argon released up to 

that temperature; the constant of proportionality can be evaluated by 

leaking argon into the vacuum system at a known rate.   Thus the total 

argon content can be determined by heating the sample to exhaustion 

and integrating the entire curve, and the fraction of that total associated 

with any chosen temperature interval or thermodynamic phase can be 

determined by partial integration. 

Before presenting the results of these tests, however, it is 

important to clarify certain technical points which bear on their 

interpretation.   Note first that the manner in which the sample is 

contained profoundly affects the shape of the argon release curve.   In 

21 
prior work     the sample was mechanically scraped from its substrate and 

loaded into a Knudsen cell.   If the cell orifice is sufficiently small, 

qua si-equilibrium is maintained between condensed and vapor phases 

as heating proceeds.   This yields a curve well suited to comparison 

with equilibrium phase diagrams and with measurements on other closed 

systems, e.g., to scanning calorimetry on specimens sealed in capsules. 

On the other hand, because substantial quantities of argon can be 

retained in crystalline phases, argon release tends to be delayed until 

these crystals melt, and drops to exhaustion only as the last liquid 

evaporates.   In the present study it was found to be both simpler and more 
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Instructive to omit the Knudsen ceil, trereiy piaclng the intact substrates 

in an externally heated quartz tube furnace of large dtametor.   (Of course 

it must be established through ancillary experiments that the substrates 

themselves contribute no argon release.)   In this open method there is no 

qua si-equilibrium.   Every molecule freed from the surface of the film is 

promptly pumped away.   Thus the argon retained in each phase is 

progressively exhausted as that phase sublimes.   This has the effect 

of enhancing the structure of the release curve at low temperatures in 

multiphasic materials, and renders interpretation much less difficult. 

Total argon content, determinations by the two methods are in satisfactory 

agreement, despite the very different shapes of the release curves. 

Regardless of whether the closed or open method is chosen, it must 

be recognized that the technique is essentially a dynamic one, like 

scanning calorimetry, and unavoidably mixes together the effects of 

temperature and rate-of-change of temperature.   In general, the smallest 

heating rate which yields adequate signal from the residual gas analyser 

is to be preferred.   With an Associated Electrical Industries (U.K.) 

model MS-10 mass spectrometer, a residual argon background pressure 

of order 10       torr, a pumping speed of order 100 liters/sec, and 

specimen masses of order 10 mg, we have obtained a rönge in excess of 

four decades at heating rates of 5 to 10 deg/min.   The accuracy of 

temperature measurement in our apparatus at these heating rates was 

u 
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confirmed by calibration at the melting point of lead. 

Figure 3 shows in detail the argon release curves for a sequence of 

seven specimens sputtered at different values of DC bias, but otherwise 

similar, i.e., the first seven rows of Table 1.   For reasons which will 

become apparent shortly, comparison between these curves is strictly 

valid only when all specimens have precisely the same mass and 

surface-to-volume ratio.   Inasmuch as we used always the same area 

of film throughout this sequence of runs, and the thicknesses are not 

precisely equal, we attempted to adjust the heating rate in each case 

so that the product of rate and specimen mass (on which the partial 

pressure depends) had a substantially constant value.   The remaining 

slight differences have been left unnormalized, and are of no consequence 

on the scale of presentation in Fig. 3. 

Basically, each curve contains four major regimes, as shown in the 

insert portion of Fig. 4.   Roughly speaking, each regime consists of a 

rising portion followed by a rather more abrupt decline, and may be 

LJ associated with a dominant mechanism of argon release.   Thus regime 

I represents the thermal diffusion of argon on an atomic scale through 

the homogeneous glass, and presumably reflects the loss of free volume 

as the glass attains its equilibrium state; i.e., annealing.   This regime 

terminates somewhat below the glass transition temperature, 220 C, 

18 
determined independently by scanning calorimetry.       A few degrees 
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above this, phase separaüon occurs as Te and GeTe crystallites begin to 

nucleate almost simultaneously irom the liquid.   This is accompanied by 

a narrow and often noisy burst of argon release denoted as regime II. 

We believe that in this regime the crystallites serve as nuclei for 

macroscopic argon bubbles; and Indeed such bubbling has often been 

seen optically under a hot stage microscope at these temperatures.   Other 

possible explanations for this peak include rejection of argon Into the 

remaining liquid by the crystalline phases, perhaps combined with an 

abrupt Increase in diffusion coefficient at the glass transition temperature. 

We find these alternative mechanisms of argon release less plausible, however, 

. jcause the former fails to explain why the peak grows at large negative 

bias, while the latter falls to explain the valley between regimes I and 

II at positive bias.   Regime III is identified with the evaporation of 

crystalline Te, as suggested by the first appearance of silvery deposits 

on the walls of the tube furnace.   There appear to be two or more 

unresolved peaks within this broad regime, for whose occurrence we can 

presently offer no explanation.   This regime ends at the eutectic temperature, 

385 C, or a little below.   Above this temperature only GeTe crystallites 

remain.   They too evaporate, liberating their argon content and giving 

rise to Regime IV.   The exponential slope of this regime, one of the 

more stable features of the entire family of curves, corresponds to an 

^ 
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activation energy of about 1.8 eV, in good accord with the measured 

heat of vaporization of GeTe. 22   it must be acknowledged, however, that 

an activation energy of order 2 eV is characteristic of many other argon 

sorption processes as well, 23 so that this observation Is by no means 

decisive.   Finally, at about 4750C, the thermal decomposition of the 

sample is complete, and the argon partial pressure drops precipitously 

to the background level.   Subsequent X-ray diffraction of the specimen 

shows only residual traces of crystalline Ge clinging to the substrate. 

It may be remarked that at no time in the entire sequence of events do the 

crystalline phases melt, in contrast to the situation when a Knudsen cell is 

employed. 

Clearly, the most interesting aspect of this family of curves is the 

manner in which their proportions change with DC bias.   This is shown 

explicitly in Fig. 4, where the total argon content [i.e., Fig. 1 (b)] is 

decomposed into partial contributions from each regime.   For zero and 

positive bias, regime IV (=GeTe evaporation) contributes an almost 

constant 38% of the total, and regime III (=Te evaporation) an almost 

constant 60% of the total, with the small remainder divided between 

regimes I and II.   As the bias becomes increasingly negative the 

contribution from regime IV remains approximately constant; that 

from regime III first grows, then shrinks; and that from regime II 

- 13 - 
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(= bubbling) grows enormously, being nearly 300 times as large at -75 V 

as at 0 V.   At no time does the contribution from regime I (= diffusion) 

exceed 1% of the total argon content or 0.01 atom-percent in absolute 

magnitude. 

Several conclusions of practical importance may immediately be 

drawn from these results.   Although these inferences rest primarily on our 

experiences with amorphous germanium ditelluride films, they would seem 

to apply to other chalcogenide alloy glasses as well.   First, it is evident- 

ly impossible to anneal out the majority of incorporated argon from a thick 

sputtered film in any reasonable length of time at temperatures below crys- 

. , 15    T 
tallization.   The mechanism of release by diffusion is far too slow.       In 

order to minimize argon content it is necessary to prevent its incorporation 

in the first place, through appropriate choice of deposition parameters.   As 

a corollary, it seems extremely unlikely that any form of conductivity 

annealing can be caused by argon decorption, inasmuch as more than 

99% of the argon still remains in the specimen at the annealing «mperature. 

We shall return to this point in our later discussion of electrical 

conductivity.   Finally, it should be noted that the mechanism of release 

by bubble nucleation can be a non-trivial source of mechanical disruption 

of the film.   A mole of argon at ST? occupies roughly a thousand times 

the volume of a mcle of GeTe2.   Thus an argon content of, say. 

! 
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1 atom-percent, suddenly aggregated into bubbles occupying,   >ay, 

3% of the volume of the solid, exerts a pressure of several hunched 

atmospheres.   This is a conceivable mode of failure in thin f\lm 

devices whose operation depends on an amorphous-to-crystalline phase 

transition, and in which the argon content of the film is sufficiently 

I   j high that bubble nucleation constitutes the dominant mode of release. 

We have on occasion observed catastrophic mechanical failure of 

certain experimental thin film devices for which this seems the most 

probable explanation. 

Another question of interest is whether the argon content is 

uniformly distributed throughout the volume of the film.   We investigated 

this by varying only the duration of the sputtering run, with all other 

deposition parameters fixed.   This produced the sequence of runs 

tabulated in the last five rows of Table 1.   It can be seen that over 

a range of nearly 60:1 in thickness the total argon content does not 

vary outside the experimental uncertainty.   Thus it appears that the 

process of argon incorporation quickly reaches and thereafter maintains 

a steady state during deposition, in agreement with the observations of 

15 16 
Hoffmeister and Zeugel,      but contrary to those of Sciiwartz and Jones . 

The argon release curves pertaining to this sequence of runs are shown 

in Fig. 5, and contain additional information of interest.   Note 

that some features of the curves are stationary, whereas others 

progress toward higher temperatures as the thickness increases. 
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For example, the little blip at about 245 C, which is all that remains 

of the bubbling regime at zero bias, its locked to the onset of crystal- 

lization, which is surface nucleated and therefore independent of 

thickness.   Only in the thinnest specimen does this regime occur at lower 

temperature, owing perhaps to additional nucleation at the film sub- 

strate interface.   Regimes III and IV, on the other hand, are due 

to evaporation, and therefore proceed more slowly when the surface-to- 

volume ratio of the specimen is small.   This in turn varies inversely 

with thickness because in the present sequence we adjusted the area 

of the specimen so as to maintain roughly constant mass.   Hence these 

regimes are progressively displaced to the right as thickness increases. 

At first glance the uppermosL curve, on the thickest specimen, appears 

to be anomalous.   We think that in this instance the film cracked or 

fragmented from thermal stress at about 350 C - a not unusual occurrence 

in thick films - causing an abrupt increase in surface-to-volume ratio 

and thus evaporation rate.   There is even a hint of the development of this 

peak in the previous (8 um.) curve.   All in all, this sequence of runs pro- 

vides welcome support for the interpretation we have made of the previous 

sequence.   It is particularly gratifying, in terms of confidence in the 

technique of thermally induced argon release, that the computed argon 

content appears to be independent of the mass of the specimen and the 

shape of the release curve. 

I    ) 
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2.   Electrical Conductivity 

Electrical conductivity measurements were also made on one 

specimen from each of the seven sets of bias-sputtered substrates 

whose argon release curves are shown in Fig. 3, plus additional 

specimens at the extremes of bias.   A dry nitrogen ambient was used to 

retard surface contamination, and heating rates were restricted to ca. 

3 deg/min.   A representative result IF shown in Fig. 6, taken from run 

SI-363.   The conductivity of the as-deposited film (labelled "virgin" in 

Fig. 6) is thermally activated to first approximation, with only slight 

upward curvature.   The prefactor obtained by extrapolation to infinite 

temperature lies between 103 and 1(J4 (ohm-cm)'1.   On approaching the 

glass transition temperature the conductivity anneals downward to a 

new thermally activated portion, with substantially the same prefactor. 

This annealed branch of the curve can now be reversibly traversed at all 

lower temperatures.   (Recall that this large change occurs while more than 

990/c of the total argon content remains in the sample.)   At slightly higher 

temperatures, however, crystallization ensues, causing the conductivity 

to rise abruptly about four decades.   The crystallized branch of the curve 

can now be reversibly traversed.   Note that there exists a narrow but 

nevertheless genuine temperature interval between the glass transition 

and the onset of crystallization for stoichiometric GeTe   .18   A slight 

degree of germanium enrichment causes this interval to vanish entirely; 

i.e., crystallization supervenes before annealing is complete.   This 

leads to some ambiguity in the meaning of "annealed" with respect to 

our most negatively biased specimens; in such cases we take it to mean 

the state of lowest conductivity attainable by heat treatment. 
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Inasmuch as the effects of DC bias on the conductivity are not very 

great, we have found it more useful to characterize these curves numeri- 

cally than to present them graphically.   We do this in terms of five numbers, 

operationally defined as shown in Fig. 6:   the conductivity and its apparent 

activation energy at room temperature in the virgin state, the same quan- 

tities in the annealed state, and the temperature of the onset of crystalli- 

zation.   (We make no assertion regarding the relation between these 

activation energies and the band structure or mechanism of transport.) 

These five numbers are tabulated vs. DC bias in Table 2. 

Inspection of Table 2 reveals some disturbing irregularities.   On the 

basis of the coarse-grained survey of the Ge-Te system by Rockstad and 

19 
deNeufville     we had expected a minimum of conductivity and a maximum of 

activation, energy at some composition near stoichlometric GcTe  .   We 

find instead that no one sample possesses both properties.   Particularly 

distressing is the failure of the electrical parameters of the two nominally 

identical zero bias specimens to coincioe within reasonable limits of 

experimental error.   Thus, although the distributions of conductivities 

and activation energies over bias have very roughly the expected parabolic 

shape, when viewed closely   they exhibit discrepancies larger than we con- 

sider permissible. 

We therefore attempted to correlate the electrical measurements with 

either measured composition or argon content, in the hope that they might 

be well-ordered with respect to one or another of these secondary variables. 

The results are shown in Figs. 7 and 8 respectively.   While our sample 
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populations are far too small to permit drawing conclusions of a statisti- 

cal nature, it nevertheless -eems possible to offer the following remarks 

on the overall appearance of the distributions.   We find little or no 

evidence for correlation between electrical conductivity and argon con- 

tent.   At zero and low positive bias the conductivity varies and the argon 

content does not.   At negative bias the argon content varies and the 

conductivity does not.   Only for the most negative bias, -75 V, do either 

the conductivity or activation energy depart significantly from the mean. 

The situation is scarcely better with respect to composition, as shown 

in Fig. 7; and in light of the strong similarity in trend between compo- 

sition and argon content, one could hardly expect it to be.   Nevertheless 

we are able to convince ourselves that the correlation is marginally stronger 

in this caoe, at least to the extent that the sets of points corresponding 

to negative bias form monotone sequences;  i.e., for relatively large 

departures from stoichlometry the composition appears to control the 

electrical properties.   The plausibility of this inference is strengthened 

somewhat by comparison with the results of Rockstad and deNeufvilie.19 

shown in Fig. 7 as open points.   The magnitude of shift upon annealing, and 

the general trend of electrical parameters with composition, agree well 

enough with our results.   The discrepancies in absolute magnitude of these 

parameters, however, are again larger than we consider permissible, and 

will be the subject of further discussion. 
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3.   Morphology of Crystallization 

As described in the preceding section, each of the film specimens 

listed in Table 2 was slowly crystallized in a dry nitrogen atmosphere 

during the course of electrical measurements.   These crystallized speci- 

mens were then examined optically at low magnifiration for further clues 

to the effects of bias variation.   The results nicely exemplify the 

delicate balance between competitive nucleation and growth mechanisms 

in this portion of the Ge-Te system, and provide quantitative support for 

the compositional trends depicted in Fig. 1(a).   Arguments from morphology 

of crystallization in thin film form are of course perilous, owing to the 

variety of external factors which can influence crystal growth.   However, 

by careful attention to such matters as substrate cleanliness and exclusion 

of water vapor, we have produced a series of micrographs in which external 

factors, if not wholly without effect, are at least consistent from one 

member of the bias sputtering series to the next.   In any event it may be 

argued that results obtained on thin films are more truly representative of 

phenomena to be encountered in device applications than those obtained 

from bulk glasses. 

Inasmuch as crystalline GeTe2 does not exist, the crystallization of 

amorphous GeTe    (and indeed all amorphous Ge-Te alloys containing 0 to 

20 
50% Ge) proceeds via phase separation iuito GeTe and Te.       In the neigh- 

borhood of stoichiometry it appears that the nucleation probabilities of 
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24 
these two phases are both small and approximately equal.       Crystalli- 

zation begins at approximately 230 C with the heterogeneous nucleation 

of planar spherulites of relatively low density (10   to 10    cm    ) at 

surface defect sites.   X-ray diffraction reveals that these spherulites 

contain Doth Te and GeTe crystallites in aliquot proportion, intermingled 

o 

on a very fine (ca. 100 A) scale.   Hence the spherulites may expand 

radially into the surrounding glassy matrix, attaining very large diameters, 

without affecting the average composition of that matrix.   Crystallization ends 

when the spherulite boundaries touch everywhere, resulting in a cellular structure, 

The partial and complete stages of this process are illustrated in Figs. 9(d) 

and 9(e) respectively, taken from the zero bias specimen.   Substantially 

identical morphology was exhibited by the +25 and +50 V bias specimens (not 

illustrated), in accord with the microprobe estimates of their composition. 

On either side of stoichiometry, both the nucleation rates and the 

mechanism of crystallization depart from the canonical behavior of GeTe  . 

On the germanium-rich side, the Te nucleation rate becomes vanishingly 

small, whereas the GeTe nucleation rate rises abruptly with increasing 

Ge content.   Hence crystallization begins with the formation of numerous 

small Gele spherulites, whose subsequent growth enriches the surrounding 

matrix in Te. When enrichment proceeds to the point that the Te nucleation 

rate becomes appreciable, Te then crystallizes from the matrix.   The final 

result is a dense reticulated network whose scale depends on the degree 

of departure from stoichiometry.   This progression is shown in reverse in 

137 
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Fig. 9(a)-(c).   in Fig. 9(c), taken on the -25 V specimen, the cellular struc- 

ture is already markedly diminished In size, even though the composition 

differs by less than 2% from that of the zero bias specimen.   In Fig. 9(b), 

taken on the -50 V specimen, only traces of cell structure remain. 

These are barely visible in the original photo, and may not survive half- 

tone reproduction.   At -75 V, as shown in Fig. 9(a), the copious nucle- 

ation of GeTe has erased all vestiges of cell structure, and the surface 

presents a uniform pebbly appearance composed of sub-micron crystal- 

lites and argon bubbles too small to resolve clearly. 

Conversely, on the tellurium-rich side of stoichiometry, the Te 

nucleatlon rate rapidly becomes large at temperatures where the GeTe nucle- 

atlon rate is still vanishingly small.   Hence Te crystallizes first, in 

dendritic rather than spherulltic habit, until the matrix is sufficiently 

depleted of Te for GeTe crystallization to begin.   This sequence of events 

is well established at the eutectlc composition Ge    Te     .25    In the 
15     85 

present study, however, it appears that even the most extreme positive 

bias did not cause sufficient departure from stoichiometry for this 

morphology to manifest Itself.   Thus Fig. 9(f), taken on the +75 V specimen, 

substantially resembles Fig. 9(e),   the zero bias specimen, except that the 

spherulites are still larger, and somewhat more rumpled at their boundaries. 

Note that the measured degree of tellurium enrichment in this case is 

only of order 0.5%. 

Finally, it may be remarked that no crystallized specimen showed any 
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essential differences between those portions of the film overlying the 

molybdenum equlpotentlal coating, and those portions overlying the glass 

substrate but within ca. 0.2 mm. of the molybdenum.   This demonstrates 

that nucleatlon occurs on the upper or exposed surface of the film, and 

gives assurance that the material contained between the coplanar molyb- 

denum electrodes (0.31 mm. apart) was representative of the bias applied 

to the electrodes themselves.   At points more remote from the molybdenum 

coating, however, especially at the borders of negatively biased samples, 

the micrographs revealed a strong gradient back toward the morphology 

(and hence presumably the composition) characteristic of unbiased or 

"floating" depositions.   Clearly the sheet resistivity of the growing 

film is an important factor in choosing the method of bias application. 

In any event, the central result of this portion of the study is that 

the morphological variations produced by biasing are entirely consistent 

with those previously established through the deliberate change of compo- 

sition of unbiased specimens.   We therefore conclude that the observed 

variations are controlled by composition alone, and are quite independent 

of the fortuitous argon content.   Indeed, as will be recalled from prior 

discussions, there is reason to believe that the Influence runs the other 

way, and that the most copious nucleatlon provokes the most rapid release 

of argon during the crystallization regime. 
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IV.   SUMMARY AND DISCUSSION 

By and large, we feel that the results reported above present a 

satisfactorily cohesive picture.   The variation of composition and in- 

corporated argon content with DC substrate bias conform reasonably 

well to prior experience, and appear to be explicable in terms of simple 

electrostatic arguments.   It may seem surprising that argon ion implan- 

tation apparently occurs at smaller values of negative bias than in 

elemental metals, and that a small positive bias is necessary to pro- 

duce minimum argon content.   We believe that this can be explained in 

terms of the generally looser structure and greater configurational freedom 

of amorphous chalcogenide alloys, which offer a more accommodating 

environment than epitaxially grown metal films.   We find scant support 

for the conjecture that incorporated argon directly influences the electri- 

cal conductivity in either the virgin or annealed state of the glass, or 

the rates of nacleation and growth of crystalline phases.   It appears on 

the contrary that the argon content is largely inactive except insofar as 

it determines the kinetics of it6 own release at elevated temperatures.   This 

release may attain near-explosive rapidity under certain circumstances, 

with important consequences for the mechanical integrity of the film and 

the technology of device manufacture.   Finally, it appears that variations 

in the morphology of crystallized films may be entirely explained in terms 

of departures from stoichiometry produced by biasing, without invoking 

other mechanisms. 
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The primary exceptions to the overall success of the study are 

the electrical measurements.   We find a residuum of unexplained vari- 

ation in both the conductivity and its apparent activation energy.   This 

scatter is especially disappointing in the case of zero bias specimens, 

where every effort has been made to ensure complete similarity of deposi- 

tion parameters and thermal history.   Barring undiscovered sources of 

systematic error in our measurements, we can only conclude that not 

all determinants of the conductivity of GeTe   have been identified and 

brought under control.   Of these determinants we suspect chiefly reactive 

contaminants, i.e., residual oxygen, water vapor and hydrocarbons pre- 

sent in the sputtering atmosphere.   In an effort to answer this question 

we have embarked on a program of mass spectrometry and optical spectros- 

copy of the plasma, and have tentatively identified the 6563A emission 

line of hydrogen.   Should such contaminants prove to be the source of 

conductivity variations, this would signify a hitherto unsuspected sensi- 

tivity to impurity content in chalcogenide alloys.   It is of course possible 

[ } that the effects of impurities are magnified in the immediate neighborhood 

of a stoichiometric composition, where strong local ordering tendencies 

are present.   In any event, it appears that the present study finishes yet 

another proof that transport properties are enormously more sensitive as 

indicators of trace constituents than are static physical properties. 

Finally, the failure of bias regulation to produce complete regularity 

of transport properties in no way lessens our conviction that its employment 
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is essential.   The attainment of quantitatively reproducible conductivity 

may be problematic when the substrate potential is controlled, but it 

is certainly hopeless when the potential is not controlled.   The wide 

range of floating substrate potentials (ca. -100 to +20 V) observed during 

the deposition of other chalcogenide alloys in our laboratory is sufficient 

evidence that this important parameter cannot be ignored. 

ACKNOWLEDGEMENTS 

We are indebted to J. P. deNeufville for guidance in every aspect 

of this study, and especially for assistance in the interpretation of 

crystallization morphology, and for a critical reading of the manuscript. 

L. Allard and F. Bleicher   of the Scanning Electron Mic:oscopy Labora- 

tory, University of Michigan, are to be thanked for performing the 

electron microprobe analysis and its computer reduction.   This work 

was supported by the Advanced Research Projects Agency under Contract 

DAHC15-70-C-0187. 

142 
- 26 - 

BM^MM^MMMl fcfi dtfc' nrtiViii 



',J««¥fl"IW»H'1B»WI«.J-J','li^li'»*«-i»,('I,H!h».  "WJW.   ■'■'-J -T>r MP-V" J -^-'T-^'-»^ '."p*e^^n^»ii   iiB^^'iyu.     jr '—-"ww 'W^'^:l."-Jr".,,^W«l>»!-l".'i»!' '.»KMJu ^•^•JlJUVMM^4■k^U''W!>(i|«|!PI^I«!«||■| 

REFERENCES 

1. But see the Second Semi-Annual Technical Report tc ARPA Contract 

DAHC15-70-C-0187, Energy Conversion Devices, Inc., June, 1972, 

ed. by J. P. deNeufville, pp. 92-108. 

2. L. I. Maissel and P. M. Schalble, J. Appl. Phys. 36, 237 (1965). 

3. F. M. d'Heurle, Trans. Met. Soc. AIME 23i6, 321 (1966). 

4. H. F. Winters and E. Kay, J. Appl. Phys. 38, 3928 (1967). 

5. J. L. Vossen and J. J. O'Neill, Jr., RCA Rev. .29, 566 (1968). 

6. E. Stern and T. B. Light, Appl. Phys. Letters!?, 381 (1968). 

7. F. M. D'Heurle, Met. Trans. I, 725 (1970). 

8. J. L. Vossen and J. J. O'Neill, Jr., RCA Rev. 31, 276 (1970). 

9. A. G. Blachman, Met. Trans. 2, 699 (1971). 

10. J. L. Vossen, J. Vac. Sei. Tech. 8, S12 (1971);   contains a critical 

review of the RF sputtering literature through 1971. 

11. W. D. Westwood and P. S. Wilcox, J. Appl. Phys. 42, 4055 (1971). 

12. A. G. Blachman, J. Vac. Sei. Tech. K), 299 (1973). 

13. P. Petroff, T. T. Sheng, A. K. Sinha, G. A. Rozgonyi, and F. B. 

Alexander, J. Appl. Phys. 44, 2545 (1973). 

14. M. J. McCulley, G. W. Neudeck, and G. L. Leidl, J. Vac. Sei. 

Tech. _l_g, 391 (1973). 

15. W. Hoffmeister and M. Zeugel, Thin Solid Films 3, 35 (1969). 

16. G. C. Schwartz and R. E. Tones, IBM J. Res. Develop. H., 52 (1970) 

17. A. Devenyi, C. Rusu, M. Pusu, A. Barna, and P. B. Barna, Proc. 

International Conference on Semiconductor Heterojunctions and 

mmtamtm 

- 27 - 

nin ttMiii niiiiiiiitirtiii in' 

143 
mm 



?■:!'■'"•^,■l-"'""~, ■ l,->""»«l»'»U","lW"-"lW""11.'"."'" WM'  WH'iiu  mm*   *mrwm-"        ■ ■ "   " ' '■■AWiii.u«.!    i" -..■i^i».     JM.H   i ji i   .■«.n«i   iti|    ■»unvi»'«W<i'Fi. •ici<u.-^nfpvfpam|B 

Layered Structures 4. 105 (197n>. 

18. J. P. deNeufville, J. Non-Crystalline Solids 8-10. 85 (1972). 

19. H. K. Rockstad and J. P. deNeufville, Proceedings of the Eleventh 

International Conference on the Physics of Semiconductors, Polish 

Scientific Publishers, Warsaw, 1972, p.542. 

20. T. Takamori, R. Roy, and G. J. McCarthy, Mater. Res. Bull. 5, 529 

(1970). 

21. E. A. Fagen, Mater. Res. Bull. 7, 279 (1972). 

22. R. F. firebrick, J. Chem. Pnys. .41, 1140 (1964). 

23. fi. Cobic, G. Carter, and J. H. Leek, firit. J. Appl. Phys. U, 288 

(1961). 

24. D. J. Sarrach, M.S. Thesis, Dept. of Metallurgical Engineering, 

Wayne State Univ., Detroit, Mich., 1973 (unpublished). 

25. H. Fritzsche and S. R. Ovshinsky, J. Non-Crystalline Solids 1, 

148 (1970). 

- 28 - 
144 

i ü iiHUiiiilii 11 -      i - ^mminminifcMiiiiiiTi 11 ■ •--—-■ ■..-.-..^.i--..  -■ .. ■■ -^irii   Yi.mM 



'tymmw**» ipS^I»!«»»    '»if'"'.-.', .• 1' IViV ) WlllVl,#ligpSVf;»^!U.. ',..'' l l' H^u I .flfnunmm JI-   in .   lllil.i.jilfljw^^'jwjw.lipmijju i, u ». „KIIII JI   I  ^ ■!! Jl ^W-^MIE^-^ 

u 

o 

TABLE 1 

CHARACTERISTICS OF BIAS-SPUTTERED SAMPLES 
FOR MASS SPECTOMETRY 

DC Bias      Dep'n Rate     Thickness       Ge Content        Argon Content 
Run Numbe r     (Volts) (nm/min) (microns) (atomic pet.) (atomic pet.) 

4.02 SI-306 -75 21 3.0 38.3 

SI-305 -50 25 3.4 35.2 3.02 

SI-304 -25 27 2.8 34.3 1.72 

SI-363 0 24 2.9 33.0 1.06 

SI-307 +25 30 3.0 32.7 0.67 

SI-308 +50 32 2.7 32.7 0.71 

SI-364 +75 29 3.3 32.1 0.78 

SI-309 +75 30 0.45 - 0.77 

SI-416 0 24 0.41 - 0.94 

SI-417 0 28 1.2 - 1.03 

SI-418 0 29 3.0 32.9 0.99 

ST-419 0 24 8.0 - 1.05 

SI-420 0 27 24.0 - 0.86 
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FIGURE CAPTIONS 

Fig. 1.    (a) Actual germanium content of bias-sputtered films of nominal 

composition GeTe  , as determined by electron microprobe analysis, 

(b)   Total argon content of bias-sputtered films, as determined by 

mass spectrometry.   See text for further explanation. 

Fig. 2.   Correlation of actual germanium content with total argon content 

of bias-sputtered films, from data of Fig. 1.   T'ie best-fit straight 

line through the points has a slope of 0.63. 

Fig. 3.   Argon partial pressure vs. oven temperature for seven bias- 

sputtered films of similar thickness.   Label on curve gives DC bias 

in volts.   Successive curves have been offset one decade for clarity; 

the ordinate is correct for the uppermost cuivd.   Mean specimen mass 

for this sequence:   22 mg.   Mean heating rate:   8.5 deg/mln.   See 

text for further experimental details and interpretation, 

Fig. 4.    (Inset)   Protypical argon release curve, showing approximate 

division into four different regimes of release mechanism.   See text 

for further explanation.    (Main figure)   Decomposition of total argon 

content [Fig. 1(b)] into partial contributions from each regime. 

Fig. 5.   Argon partial pressure vs. oven temperature for five zero-bias 

films varying in thickness.   Label on curve gives thickness in micro- 

meters.   Successive curves have been offset one decade for clarity; 

the ordinate is correct for the uppermost curve.   Mean specimen mass 

- 31 147 
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for this sequence:   4.4 mg.   Mean heating rate:   8.5 deg/min.   See 

text for further explanation. 

Fig. 6.   Prototypical plot of conductivity vs. reciprocal temperature for 

zero-bias films, showing directions of traversal and manner of 

evaluating cond-ctiv. ties, apparent activation energies, and crystal- 

lization temperature.   See text for further explanation. 

Fig. 7.    (a)   Correlation of room temperature conductivity of virgin (solid 

circles) and annealed (solid squares) bias-sputtered films with actual 

composition,    (b)   Correlation of apparent conductivity activation 

energy at room temperature with composition, for the same sequence 

of bias-sputtered films.   Open circles and squares represent averaged 

data from Rockstad and deNeufville, Ref. 19, for unbiased sputtered 

films of the nominal composition shown. 

Fig. 8.   (a)   Correlation of room temperature conductivity of virgin (solid 

circles) and annealed (solid squares) bias sputtered films with total 

argon content,   (b)   Correlation of apparent conductivity activation 

energy at room temperature with total argon content, for the same 

sequence of bias-sputtered films. 

Fig. 9.   Morphology of crystallization of bias-sputtered films used in 

conductivity measurements,    (a)   -75 V bias; (b) -50 V bias; (c) -25 V 

bias; (d) 0 V bias, partially crystallized; (e) 0 V bias, fully crystallized; 

(f) +75 V bias.   No scale is given, but the field of view in every case is 

159 x 121 micrometers.   The black pits seen in (d) are large argon 

bubbles. 

148 
- 32 - 

WMuliillmiii ■ j—MMMM aMi—i mi mmnm i  -. -   ^..-.,■, T nm,,   . -.- - - J-i 



■ 

u 

m <«• «o CM 

(pd OIUIOID) iN3iN00 NOOdV 

) 

(Pd oiiuop) jLN3iNO0 WniNVWd39 

Fig. 1 149 

^JtMto'iiaiMirn n «"■-"■'■--''-'-— ■"•"'•'-'  



— 

u 

*.. 

u 

io      ^        ro        tvi        —       o 

(pd O!UJO4D)iN31NO0 NOQdV 
Fig. 2 150 

L -^-—"-t— —•     - - —*~u~**~   



u 

O 

m* 

100 

a^MaamnHiua 

200 300 

TEMPERATURE   (0C) 

Fig. 3 

mi utrntuiii'iiri        iinniüi 

400 500 

151 

MMBIiilti., 



u 

o 

o a 
o 

t «MB 

E 
o 
o 

UJ 
H 
Z 
o 
o 

o o 
Q: 
< 

0 
-75 

a> »~ >» f\ 
3 ^S\ / 
OT ^^ i / 
(A z-^     1 / 
0) K /        1 / 
w \\ /         i i 
O. 

\\\ / 
c / \ i 
o 1/ 
o» s ■>y 
k- s 
< / 

o /i IE HI TZ 
O *r 

L 
_l  J 

TEMPERATURE 

TOTAL 

DC BIAS (V) 

.j 

+ 75 

I «to ItauiiM^iiiMiaiM 

Fig. 4 

tmtt  ...-^—.  

152 

tfi&i'aiiii   iir        . .. 



■ 
^"^" ^^^^^^^^" 

u 

o 

0 100 200 300 400 500 

TEMPERATURE (0C) 

ifc^-^—J*I.I.JI-  
tnmtm 

Fig. 5 153 

■ — - - ■ -^—»-^ i miiiiMn— MI i *—^  _. 



■'!•'-■ •   •    I   ■ ■     ■ '    ■ ■ • -"L 

Ü 

o 

[(iuo/OMUJ)AilAllDnaNOO] 0,9on 

mmm SSm 

Fig. 6 

MMMMHMaHMi 

154 



I»,-. ■        . , I   ,   ,   ..     , -1 - '    . I "^ 

u 

~ 
(...) 

i 
E 
i 

-4 

^ 10 
o 
o 

!5 

r5_ 

r6_ >-IO 

> 

I- 
Ü 

g I0'7 

z 
o u 

0.7 

> 
S, 0.6 

o 
o 
ro 
H   0.5 
< 

UJ 
<l 

0.4 

(a) 
VIRGIN \ 

i—•—i 

4^-M f i—•—• 

ANNEALED 
D f I—■—I 

—{^u > rf 

1 
32 

"T" 

34 36 

i 

i 1 1 p- r 

ANNEALED 
(b) 

38 

i    ■—i -i 

i i—■—. 

i—<>—i 1 o 
VIRGIN i   < i    i 

1 
32 34 36 38 

GERMANIUM CONTENT(atomic pet.) 

Fig. 7 155 

-jj,^^,^^ nn 



■I1'! ■ ' - , ■ .'i     •■•   . ■W^BS 

r4 

U 

10 

e 
'ct 
2 I0"5 

o 
o 
ro 

Ö   .6 
>- I06 

I- 
Ü 

Q   IQ- 

z 
8    ■ 

0.7 

>   0.6 

O 
o 
ro 

0.5 

UJ 
< 

0.4l 

(a) 
VIRGIN 

%t-* 
ANNEALED 

•-II—i,-1 

ANNEALED 

f 

VIRGIN 

^ 

i 

i 

i 

(b) 

i 

12 3 4 

ARGON CONTENT (atomic pet.) 

MUMtt 

Fig. 8 

i    i MiiiHülii iniiflliMlM 

156 

■■BUMbu^—L M .   ^  

I 



^Äli^Ä^k^n^C^^ 

' "US 

w*, 
$*&*>% 

f^m 
V 
ff  . 

4- • - 'wmafu 

Fig. 9 

157 

^MaoMM ■Mn ^-"■•-   tt^oUiU ,.■;.,..«_L-.u^..... 



tfr^^^~^-^^m<mi^mimFr!*~~*mi!r*——mmim!ii*-~m^^^—™m'm**m 

The Role of Connectedness in the Relationship between Optical Gap 

and Glass Transition Temperature for Amorphous Semiconductors 

J. P. deNEUFVILLE and H. K. ROCKSTAD 

Energy Conversion Devices, Inc., Troy, Michigan, U.S.A. 

u 

n 

ABSTRACT 

We have measured the glass tansition temperature T   and an 

arbitrarily defined optical gap energy E04 of a wide variety of amor- 

phous semiconducting materials, including many which can be pre- 

pared only by evaporation or r.f. sputtering.   T   provides an index 
y 

of atomic mobility and E      an index of the covalent bond strength. 

In a plot of E   , versus T  , materials tend to be grouped according 
04 g 

to the average number N of outer electrons per atom, or network 

connectedness C = 8 - N.   For C = 2, T   is nearly constant, while 

for C= 2.4, 2.66, and 3, T   = T 0+ß E     .   T 0 is 340 ±20 K, 
y y ^"^ i* 

approximately the same as T   for the C = 2 alloys,   ß is proportional 

to C - 2, the number of covalent bonds per atom which must be 

broken to create a 2-connected atom.   We postulate that this con- 

figuration is required for diffusive motion or viscous flow, and inter- 

pret the T   - E   . correlation in terms of a proposed fluidity equation 
g       04 

for covalent liquids with 2 < C ^ 4. 
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^ 1.    INTRODUCTION 

The relationship between chemical bonding and the glass transition 

temperature of amorphous semiconducting (A.S.) alloys is an essential 

feature of any comprehensive theory relating structure and properties 

for these materials.   Several such relationships have been proposed 

which effectively correlate T   with certain other properties among narrow 

classes of A.S. alloys.   These include a T   - AE   correlation, where 
g o 

2ÄE   is the electrical band gap, for Si-As-Te glasses (Numoshita et al. 
o   

1972), and a T   - E   correlation, where E   is the atomization energy 

of telluride glasses (Felz et al. 1972).   The latter correlation is less 

successful when extended to sulfide and selenide glasses, even if the 

ordering energy contribution to E   is Included. 

The T -band gap correlation, however, is especially appealing be- 
g 

cause both parameters are easily measured and their correlation hints at 

the underlying relationship between bond strength and the glass transition. 

However, if the T -band gap correlation is extended beyond a single 

narrow family of materials, it clearly breaks down, for example: Se, 

As.Se. and GeAsSj all have roughly the same optical band gaps E   but 
l    i g 

their T 's vary from 35 to 420  C.   We have discovered that if the alloys 
g 

are grouped according to their average number of outer electrons N, then 

within each group the T    - E   correlation is relatively good.   A similar 
g       9 

procedure was successfully used by Kastner (1373) to correlate E   and 
g 

the melting temperature T     for numerous crystalline semiconductors. 
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grouped by N.   It is convenient to introduce the concept of connected- 

ness in order to clarify the relationship between N and the E   vs. T 
g 9 

correlation for amorphous materials.   Average connectedness C, defined 

by C = 8 - N, is the average coordination number for covölently bonded 

materials. 

In this paper we exhibit the T   vs. E   correlation for several fixed 
g g 

values of C (or N) and indicate the possible origin of various dis- 

crepancies.   The origins of the T   vs. E   correlation are examined in 

terms of a simplified model for viscous flow, which leaos to predictions 

of the temperature dependence of viscosity for A.S. liquids based only 

upon a knowledge of E   and N. 

% 2.    EXPERIMENTAL 

All the T   data were collected in our laboratories on bulk or r.f. 
g 

sputtered thin film amorphous samples.   T   was taken as the temperature 

at v.'hlch C   attains a value midway between that in the glass and that 

^ ) in the liquid, as measured by scanning calorimetry at a scan rate of 

20 deg/min.   T   for a few materials was measured on both bulk and thin 
g 

film samples, and the results were in relatively good agreement (±10 deg). 

For E   we have used the arbitrary quantity E   ., defined as the 

photon energy at which thfj optical absorption coefficient has the value 

4      -1 
10    cm     .   All samples were annealed at or near T   prior to the optical 

g 
! 

■fcyt 

measurement.   No optical measurements were performed on the bulk samples. 
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§  3.   RESULTS 

The values of E      and T   obtained rn a wide variety of chalcogens 
04 g 

and chalcogenide alloys are listed in Table 1, grouped according to 

common values of N or C.   The alloys with C = 2, 3, 4 and 2.66 fall 

along five separate E      vs. T   line? as plotted in Figure 1.   For C = 2, 
04 g 

N = 6, T   is roughly constant as fitted by line (a). 
g 

The C = 2.4, N= 5.6 alloys are exemplified by locally •.wo-dimensional 

polymers like As S    which form layered crystals and highly viscous liquids. 

The T   vs. E      data for the alloys examined in this category lie reason- 

ably close (AT = ±10 deg) to line (b) whose intercept is 328 K and whose 

slope is 68 deg/eV, with the exception of Sb S   whose T   is 25 deg above 

this line.   All the examples of the C = 2.4 alloys correspond to "chalco- 

gen saturated" (deNeufville 1972) compound compositions of the sort 

AB   where B is a chalcogen (Group VI) and A is a Group V element.   The 

glassy alloys, if they are chemically ordered by analogy to their crystal- 

line counterparts, contain only A - B nearest-neighbor covalent bonds. 

The alloys with C = 2 .66, N = 5.33, are stoichiometric analogues of 

SiO  , containing one Group IV atom and two chalcogen atoms per formula 

unit     T   vs. E04 is well fitted (AT = ±10 deg) by line (c) having an inter- 

cept of 318 K, and a slope of 157 deg/eV.   The3e alloys are also chalcogen 

saturated and contain only IV-chalcogen bonds, to the extent that they 

are fully orderea.   A small group of two component (e.g . GeSe   and 

GeTe ) and three component examples (e.g. (GeSe  )   (GeTe )       ) is 

- 4 - 
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TABLE 1      Opücal gaps, E   4, and glass transition temperatures, Tg 

of various A.S. alloys, grouped according to N, the average 

number of outer electrons per atom. 

N Material Form* T (K) 
g 

E04 (eV) 

5 SeTe f 330 1.307 

Se3Te b 338 1.59 

Se b,f 318 2.05 

5.6 As2Te3 b 468 1.92 

As4Se3Te3 
b 417 1.31 

AS2Se3 
b 468 1.92 

Sb2S3 
f 505 2.06 

AS2S3 
b,f 478 2.55 

5.33 GeTe2 f 503 1.20 

üe5SeTe9 f 515 1.22 

Ge5Se3Te7 b 533 1.36 

GeSeTe b 565 1.58 

Ge5Se7Te3 b 599 1.77 

Ge5Se9Te b 661 2.12 

GeSe2 b 695 2.41 

5.0 Ge9SeTe 545 1.24 

GeSe 597 1.71 

GeSbTe 522 0.88 

GeSbSe 574 1.14 

GenAsTe0 597 1.24 

5 - 162 
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TABLE 1 (CO NT.) 

N        Material Form I (K) 
g E04 teV' 

GeAsTe f 607 1.32 

Ge3As4Te3 f 608 1.34 

As f 616 1.39 

Ge2As?SeTe b 615 1.52 

GeAsSe b 677 1.67 

f e film, b s bulk, calorimetric specimen 
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included in this plot. 

For the case of C = 3, N= 5. two separate branches of Tg vs. Eo4 

are observed:   line (d), comprising only the two points GeSe and 

Ge SeTe, lying parallel to but above the GeSe2-GeTe2 C = 2.66 curve, 

with an intercept of 365 K and a slope of 144 deg/eV;   and a higher line 

(e) with a lower intercept of 350 K and a higher slope of 195 deg/eV, 

comprising many compositions including pure As and many ternary alloys 

such as GeTeSb, GeTeAs, GeSeAs, etc. 

No T   or E      data are available for the elemental alloys such as 
g        04 

amorphous Si and Ge. which appear to crystallize below Tg.   Thus not 

only is T   experimentally inaccessible, but E04 is as well, because 

the films cannot be fully annealed prior to crystallization. 

§4.    DISCUSSION 

We note in Fig. 1 that both Tg at a given E04 and aTg/a E04 increase 

with increasing coordination.   These trends have a simple explanation. 

The materials represented in curves (b) through (e) all have 3-dimensional 

bonding.   For these materials the coordination number indicates the 

number of bonds per atom which must be broken to obtain fluidity.   For a 

given bond strength, which is related to E04, we thus expect Tg to in- 

crease with coordination number.   These considerations also account 

for the increase of äT /a E^. with increasing coordination number.   For 
g U4 

the two-fold coordination materials represented by curve (a). Tg is 
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substantially Independent of E^. . because T   is associated with the 
U4 g 

breaking of weak van der Waals bonds between chains and rings, 

whereas E-. is related to the covalent bond strength. 

In order to understand the origin of these correlations in greater 

depth, including their apparent linearity and common intercept of *" 325 - 

365 K, it is necessary to examine the glass transition phenomenon and 

its relationship to the fluidity (reciprocal viscosity) equation.   Since 

T   measures the onset of diffusive motions, it closely corresponds to 

a fixed value of viscosity.   The simplest  form of the fluidity equation 

which describes the fluidity behavior for a wide variety of glass-forming 

liquids is the Fulcher equation (Fulcher 1925) 

d) = (p    exp[-A/(T-T )] (1) T        o o 

where 0  , A and T   are adjustable fitting constants.   In an attempL to 

correlate A with covalent bond strengths, we will write A = a En./k 

where a is a suitable constant for each material which we shall later 

determine in terms of C. 

Then 

0 = 0    exp[-aE_./k(T- T )]. (2) 
O 04 O 

-12 ~1 
Taking (p (T ) = 10  '    poise     , as appropriate for T   as measured herein. 

9 g 
2 -1 

and 0   = 10    poise    , typical of many liquids, we can evaluate aas 
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1 

0 

a= 32.2 k (T   - T )/£_. (3) 
g      o     U4 

From Fig. 1 we note that T   = T 0 + ß £_ . or g       g 04 

0 = »g " T
g
0'/E04 <4) 

where T     * 340 K and 8 depends on C.   By identifying T   in (3) with 
g o 

T     in (4) we obtain 
g 

a=32.2ßk (5) 

T      corresponds to the value of T   in the limit when C -* 2 or E.^.  —♦ O, 
g g oq 

e.g., in the absence of three dimensional covalent bonding.   For these 

same liiv.its, (1)(T ) = O, so T    is somewhat less than T      (Angell, 1968). 
o o g 

However we shall use the approximation T     = T   for C > 2 liquids in the 
go 

absence of extensive (J)(T) data for these materials.   In any case it is 

clear that alloys whose fluidities obey Eq.  (2) will have the T   - E 

relationship of Eq. (4). 

We have applied Eq. 5 to the data in Fig. 1 to derive the values of 

cfor each C listed in Table 2a.   We postulate that a= 6(C-2) for C = 2.4 

to 4, where 6 is independent of C.   The ratio 6 = oi/{C-2) varies from 

0.47 to 0.65 over the observed range of C with an average value of 0.55. 

Thus we postulate that the fluidity of A.S. alloys can be approximately 

expressed as 

(p = (po exp[6(C-2)E04/k(T-To)] (6) 

for C > 2, where 6 is about 0.55.   For these alloys T   can be taken as 
o 

approximately 325 K for C = 2.4 and 2.67 and 355 K for C = 3. 

- 9 - 
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TABLE 2 

a.     List of constants In assumed fluidity equations versus connected- 

ness C. 

a 
a C-2 C-2 

=   6 

4 

3 

2.67 

2.4 

2 

0.541* 

0.436 

0.187 

0 

2 

1 

.67 

.4 

0 

0.541 

0.6S4 

0.468 

*      Slope taken from upper branch of N = 5 data, 

b.     Comparison of a values from Table 2a with values calculated using 

a fixed value of 6, chosen as 0.55, versus connectedness C. 

0.55 

a calc a 

4 1.11 

3 .554 0.541 

2.67 .370 0.436 

2.4 .222 0.187 
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By assuming 6 = 0.55, hypothetical values of a can be calculated 

from a = 6 (C-2) for any C > 2, e.g. C = 4.   The results for specific 

values of C are tabulated in Table 2b and compared with the empirical 

values of a  from Table 2a.   On the basis of a calculated for C = 4, and 

by assumina a value for T   "« 350 K the line for C = 4 In Fig. 1 is obtained. 
o 

For amorphous Ge, using E   . ** 1 A eV, a T   of the order of 755 K is thus 

predicted.   Amorphous Ge usually crystallizes below 755 K, presumably 

without diffusive motion, precluding verification of this calculated value 

of T  . 
g 

The empirical success of cur postulated relation between C-2 and 

a may indicate that the activated configuration for viscous flow is a two- 

connected atom.   In the limit C = 2, no thermal activation of covalent 

bonds is required.   When T   scales with E      for alloys with a given 
9 04 

value of M, we conclude that these alloys share a common network 

topology.   For example, we suppose that GeAsSe and the other ternary 

alloys plotting on line (e) have 3-fold coordination similar to the amor- 

phous As structure (Krebs and Steffen 1964).   Conversely, we suppose that 

GeSe and Ge SeTe, which plot on line (d), have a 2-fold chalcogen, 

4-fold Ge network structure. 

The equation for fluidity which we have postulated to account for 

the T   - E^. correlation cannot be verified for most of these materials, 
g       04 

because the amorphous phase tends to crystallize just below T  , while 
y 

above T    the semiconductor liquid has usually transformed, via an 
m i 

- 11 - 168 

■-"-"■■ ■■■■ 



■ ■ •-▼■q 

increase In coordination number, to a metailic or nearly metallic liquid, 

thereby invalidating the assumptions of the covalent fluidity curve. 

However in the case of As Se  , where neither of these circumstances 

interferes significantly, Eq. (3), using a«"" 0.189 derived from Fig.  1, 

is in excellent agreement (within one decade) with published data 

throughout the entire fluidity range from 10    to 10      poise    (Nemilov 

1964, Kolomiets 1964). 

It is well known that fitting of fluidity data for glass forming Squids 

to Ea.  (1) requires T   ^ 0.85 T   for van der Waals bonded molecular and M M o g 

linear polymer liquids (Angell 1968) and a T   *« O K for heavily cross- 

linked network liquids such as SiO    (Hetherington et aK 1964).    Indeed, 

Angell has identified the glasses with T -♦T   as "ideal" in the sense 
o      g 

that their configurational entropy at T   approaches zero as T^ approaches 

T  .    Eq.  (6) represents a successful effort to describe the transition be- 
g 

tween these two cases for 2 < C ^ 3 and with varying values of E04. 

Interestingly, the value of T   remains nearly fixed as E04 and C increase. 

However, as E   . is changed substantially by the inclusion of oxide (and 

sulfide) liquids into the T   - E_ . plots, T   increases sub-linearly with 
^ g       04 g 

E     , presumably as a result of a concomitant decrease of T    . 

We acknowledge the support of ARPA Contract DAHC15-70-C-0187. 
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FIGURE CAPTIONS 

Figure 1.   Glass transition temperature of amorphous semiconducting 

4     -1 
liquids plotted as a function of E   ., the photon energy at which a- 10 cm 

The points correspond to the data in Table 1, and are fitted to lines 

of constant connectedness C = 8 - N where N is the average number 

of outer electrons per atom. 
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THE THERMAL CONDUCTIVITY Q]' SOME CHALCOGENIDE GJ.ASSE; 

o 

Richard Flasck and Howard K. RocksLad 

Energy Conversion Devices, Inc. 

1G75 West Maple Road 

Troy, Michigan 48084 

The temperature-dependent thermal conductivities of several chalcogonido 

glasses were determined above 300OK. At 30üOK, the thermal conductivity 

for most of these glasses is about 3 mW/cm-deg. 

*Work supported by the Advanced Research Projects Agency under Contract 

No. DAHC 15-70-C-0107. 
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The thermal conductivities above 300 K for a number of chalcogenide 

glasses are given In this paper.   Mate^'als included in this study, and 

their approximate glass transition temperatures, are: 

As2Te3Tl2Se 70OC 

As2Se3 180 

AS2S3 205 

(GeTe2)30 {GeSe2)70 3^ 

GeTeSe 287 

Ge15Te81Sb2S2 135 

Ge17Te83 146 

Ge16AS35Te20S
2l 

200 

Te48AS30Si12Gel0 220 

Te40AS35Si18Ge7 305 

The glasses were formed from high purity (>99.99%) elements which were 

m elted and homogenized in sealed silica glass ampoules followed by 

quenching in a water or mercury bath.- 

Thermal conductivity values were determined by a steady state com- 

2/ 
parative technique.—     Low thermal impedances at the interfaces in the 

3/ 
sample holder were assured by use of a thermal conduction grease.-    A 

heat shield was employed to minimize radiation losses.   Temperatures 

were measured with three mil copper-constantan thermocouples.   Pyrex 

Code 7740 glass was used as the reference, and thermal conductivity values 

from the literature-   were used for this material.   The absolute thermal 
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conductivity of our reference material had an uncertainty of about -10%, 

due to variations in the thermal conductivities of different batches of 

Pyrex 7740 and possible error in the literature values employed.   It was 

o 
estimated '.hat radiation effects gave less than 10% error at 500  K.   The 

relative uncertainty in our measured values was usually less than 5%: 

this depended on the degree of thermal equilibrium attained, and scatter 

in some of our data is due to imperfect equilibrium. 

The results are plotted in Fig. 1.   For comparison, thermal conduc- 

A/ 5,6/ 
tivities from the literature are plotted for Pyrex 7740-    As^,      -   and 

6   7/ 
As Se   .—i—     It is noteworthy that our thermal conductivity curves for 

most of the chalcogenide materials lie within a fairly narrow range.   The 

thermal conduct! ;ity of the chalcogenide glasses examined ranged between 

2.5 and 4 mW/cm-dog    at 300OK.   The thermal conductivity increased with 

increasing temperature and was typically between 4 and 1ö mW/cm-deg 

at 500OK, although cur data for many of the materials did not extend to 

that temperature.   It may also be noted that at 300  K most of the chalco- 

genide alloys exhibit a thermal conductivity about one fourth that of oxide- 

based glasses such as Pyrex 7740 and vitreous Si02.   As might be ex- 

pected, for As2S3 vs. As2Se3 and (GeTe2)30(GeSe2)70 vs.  (GeTe^- 

(GeSe )      the more weakly bonded material (or the material having the 
z 0 u 

larger mean atomic weight) in each of the two pairs exhibits the smaller 

thermal conductivity. 

8/ Thomas and Fray-   obtained temperature independent thermal conduc- 

tivities between 120 and 400OK for two multicomponent chalcogenide 
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glasses.   One of these glass compositions, Te.-As    Si    Ge.., was 
Ho     30    12      10 

also included In our study, and yielded a distinct temperature dependence, 

Although we cffer no explanation for Thomas and Fray's results, our own 

results indicate that temperature independent therr.ial conductivities for 

those glasses are unlikely.   Uphoff and Healy's data for As S  , As9Se  , 

and As   (S-Se-Te)    alloys near room temperature agree very well with our 

2/ 
data.   Thermal conductivity values for As S    and As  Se   by Kolomiets, et 

al. and Stourac, et al. at 300 K are about twice as large as our results 

6/ 
for the same materials.-     Data of Rozov, et al. for As-Se and As  Te - 

As2Se   alloys are in better agreement with our results, although their 

7/ 
values are generally smaller than ours.-    An estimated curve for As.^Se 

f.     3 

from their data for the As-Se system is also included in Fig. 1(a), since 

their study included compositions bracketing but not including As Se   . 

Earlier results-   for As2S   are about 50% smaller than our results for that 

material.   A portion of the discrepancy between our data and other workers' 

data for As S   may be due to sample differences.   Most of the discrepan- 

cies must be due to differences in the absolute calibration of the various 

apparatus.   The uncertainty in the absolute values of our results is less 

than the above discrepancies, if the absolute accuracy of the values for 

our reference material is accepted as better than 10%. 

An extensive description of the thermal conductivity and specific heat 

9/ 
of noncrystalline solids has been given by Zeller and Pohl.-     They note 

the similarity of thermal conductivities for a great variety of materials 
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includlny polymers, varnishes. So, GeO  , and SiO -based ijUiBBCB, 

Allhcuqh their discussion oinphasir.cs the siinilarity of the low temper- 

ature properties of these materials, the thermal conductivltios of there 

materials above 100  K are also all within about one decade of each 

other.   A portion of Ficj. 3 of Ref. 9, obtained from Rcfs. 10-13, is in- 

cluded in Tig. 1(b) for comparison with our data, showing Ui.il at 300  K 

our chaleorjenide data are in the middle of the ranqe of daia fo; those 

other noncrystalline solids.   The curves In Tiq.  1(b) for SiO   and Pyre:: 

7740 arc the recommended values from Rf f. 4, and are Similar lo the 

curves ^liown by Zeller and Pohl for the same materials.   Many of the 

chalcogenide glasses in our study showed Strongor temperature' depend- 

ences than do the other noncrystalline solids in the vicinity of 300  K. 
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Figure Cantlon 

Figure 1 Thermal conductivity vs. temperature for a nuifibcr of chalco- 

geiilde glasses as determined in this study. Data for -^y** t'n ' ^62SR3 

by other workers are included for coinparison:   b, WA. 5; r, Rcf. fi, 

Kolomiets, et al.: d, Ref. C.  Stourac, et al.; and e, estimated from Rcf. 7. 

fa 
Also included for comparison are data for Pyrex1-'   77^0 and vitreous silica 

fror.i the National Standard Ivefcrence Series (a, Ref. 4), and several Other 

nonrrystallinc solids as summarized by Zeller and Pohl (Rcf. 9): f, Ref.  10; 

g, Ref. 11; h, Ref. 12; and i, Ref. 13. 
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Transport and Optical Properties of Amorphous 
W (GeTe )       '"eSe). Alloy Films* 

Howard K. F.ockstad and Richard F'lasck 
Energy Conversion Devices, Inc., Troy, Michigan 48084 

: \ 

Electrical, thermoelectric, and optical measurements 

were made on sputtered amorphous alloys covering the 

(GeTe)       (GeSe  )    pseudobinary system.   The structure 

of annealed alloys is believed analogous to the chemically 

ordered but random network structure of SiO   glasses.   Opti- 

cal absorption gaps and electrical activation energies in- 

\ ,' crease with increasing Se:Te ratio.   Annealing of the films 

increases both the optical gaps and electrical activation ener- 

ries.   The thermopower is positive for unannealed films, but 

for annealed films with significant Se content (x > 0.4 5) the 

thermopower is negative.   These data represent the first obser- 

vations of negative thermopowers in an orphous chaiccaenide 

alloys. 
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I.   INTRODUCTIOF 

Comprehensive meapurement^: of electrical, thermoelectric, and 

optical properties of amorp'ioui» alloys in the entire (GeTe )-(GeSe ) 

system yield a number of interesting observations which can be   em- 

ployed to give a much better understanding or. the electronic struc- 

ture of these materials than would be possible if similar measurements 

were performed only on individual compositions.   Bulk glasses cannot 

be .Tiade of Te-rich materials in this system; however, using a sput- 

tering teci nique, amorphous films were prepared for representative 

compositions extending from GeTe   to GeSe  .   Even though glasses 

cannot be readily obtained from quenching the liquid phases for come 

of the alloys [GeTe    to (GeTe )     (GeSe )    ], caIon i,etrie studies on 

sputtered films show that glass transition temperatui^s exist for all 

the alloys.   DeNeufville    discussed optical properties, electrical 

activation energies, thermal properties and densities for these films. 

He observed that the optical gap, electrical activation energy and 

glass transition temperature increase with increasing Se:Te ratio while ) 
i 

the electrical conductivity at a given temperature, a(T), decreases. 

Also, the density decreases with increasing Se Te ratio.   In this paper 

we extend the description of the optical and electrical properties and 

we c Iso describe thermopower behavior for these amorphous alloys, 

including these properties for both unannealed and annealed alloys. 

In contrast to previour observations that the thermopower for amorphous 
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chalcogenides is always positive, we have found negative thermo- 

powers for GeSe -rich materials in this alloy system.   We found 

that for any given composition in this system containing oome Se, 

the material   before anneal has a positive thermopower but anneal- 

ing tends to make the thermopower negative (i.e., by either 

bringing about a reduction in the positive thermopower in spite of 

an increase in the conductivity activation energy, or by bringing 

about a negative thermopower in the annealed state). 

The structure of annealed films in this alloy system probably 

is a network containing almost entirely Ge-Te and Ge-Se bonds with 

Ge in 4-fold and Te and Se in 2-fold coordination, as discussed by 

1 2 
deNeufville   and Rockstad and deNeufville,    in analogy with the 

3 
network of Si-0 bonds in vitreous SiO  .     This suggestion is suppor- 

ted by extrema in various physical properties relating to bond strength 

at the GeX„ stoichiometric composition for Ge,     X   alloys, for X = Te, 
2 1-y y 

12  4 
Se, and Te      Se       .   '   '     In this structure for GeTe   , for example, 

the Te-Ge-Te tetrahedral bond angles are preserved, with Ge atoms at 

the centers of the tetrahedra; the Ge-Te-Ge bond angles are variable. 

Even though there is probably nearly complete chemical ordering, the 

germanium-tellurium tetrahedra are assembled in a random network 

3 
structure,    as exemplified, for example, by the Evans-King model.   In 

this model, various-membered rings of atom-pairs (mostly five and 
i 

six) are present.   Within the Ge-Te-Se ternary, the GeTe.-GeSe,, « 

i 
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pseudobinary Is particularly interesting because of this structural 

analogy with vitreous silica and because of the extrema in various 

physical properties that occur on this pseudobinary line. 

DeNeufville1 showed that the glass transition temperature T 

rose smoothly from about 230OC for GeTe2 to 420OC for GeSe2.   The 

rate of change of T    (as well as the optical gap) with composition 
g 

was significantly greater near GeSe   than near ^eTe^ suggesting 

that the addition of a small concentration of the weaker Ge-Te bonds 

to the network made up of Ge-Se bonds had a relatively large effect 

on reducing the glatr transition temperature (and optical gap). 

DeNeufville also reasoned that the films were homogeneous on a fine 

scale both before and after annealing at T  . 

Electrical conductivities for these materials are thermally acti- 

vated, although there are slight curvatures in the log a vs. l/T plots. 

The electrical activation energies are near one half of the optical 

gap,1 as is the case for many other amorphous chalcogouides.   As 

discussed by a number of people, amorphous chalcogenide semicon- 

ductors are believed to have bands of extended states through which 

transport takes place, although with a relatively low mobility of the 

order of 1 to 10 cm /V-sec.   '      It is also believed that such materials 

have localized states lying between the valence and conduction bands 
c    c    7 

due to the inherent disorder of the amorphous lattices. The dc 

conductivities for the (GeTeJ.     (GeSe )   films are apparently due to 
/.   1 —X £  X 
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the extended states, with the Fermi level locaied in the general 

vicinity of the center of the gap between the valence and conduc- 

tion bands.   Localized states play no more than a minor role in the 

transport properties described in this paper, except that the loca- 

lized states may be important in determining the location of the 

Fermi level,    or except to the degree that a "soft" mobility edge 

is important. 

It is, of course, desirable to evaluate optical gaps for any 

amorphous material. Unfortunately, because of exponential (or 

other) tails in the fundamental optical absorption edge, optical gaps 

are somewhat ambiguous.   The high absorption coefficient regimes 

2 
for many amorphous semiconductors fit a relation «hcü= Bgioo-E ) 

where a is the absorption coefficient, fiw is the photon energy, and 

E   and B are constants; this relation can be derived by assuming para- 
o 

q 
bolic bands.     Thus E   is a suitable parameter for an optical gap. 

o 

Another parameter often used is the photon energy for which a takes 

on a certain value.   In this paper we shall choose to use the photon 

4       -1 
energy for which a = 10    cm      and we designate this energy as E04. 

X-ray spectra of both unannealed and annealed films used in this 

study confirmed their amorphous state.   Although the sputtered films 

contained argon, we believe this argon did not affect the physical 

properties described in this paper.   Fagen also concluded that the 

changes of electrical properties upon annealing are not related to the 
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argon content. 
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II.   EXPERIMENTAL 

Films were sputtered onto Corning 7059 glass substrates or, in 

the case of thermopower samples, sapphire substrates, with copla- 

nar molybdenum electrodes.   Substrates were held near room tempera- 

ture during deposition; however, experience with crystallization and 

anneaUng effects suggests that the effective film deposition tempera- 

tures were as high as 70 or 8Ü0C.   Sputtering cathodes were prepared 

as described by deNeufville.     Microprobe analysis showed that the 

Ge, Te, and Se contents of the films were within two atomic per cent 

of the original cathode compositions. 

Thermopower nreasurements were performed in a vacuum chamber. 

The sapphire substrate was placed between two low-thermal mass 

heating elements.   Each thermopower data point was obtained from the 

slope of a AV vs. AT line, where 4V and AT were the voltage and 

temperature differences at the molybdenum - chalcogen junctions. 

Typically, AT extended from -2 to 2 degrees.   The absolute thermo- 

power of molybdenum was negligible compared to that of the chalcogen 

ide.     Annealing of the thermopower sample was r^rformed in the same 

apparatus by raising the sample temperature to the quoted annealing 

temperature for a few minutes.   Since annealing effects are both time 

and temperature dependent the quoted annealing temperatures do not 

186 
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have an absolute meaninc..   However, It is our experience, that for 

a given anneal ing temperaturc a major iraction of any annealing 

effect took place in the short interval used here.   ConducUvities 

v er-> measured £•" the thermopowcr samples in situ. 

Optical samples wnre annealed in a furnace flushed with dry 

nitrogen for a time of about one-hall hour.   The annealim: ♦-•mpera- 

tures were between the temperature at which annealing tffact« satura- 

ted and T   for each alloy.   Conductivity measurements were also 
g 

made on these samples in this furnace, and agreed with the conduc- 

tivity measurements on the thermopower samples. 

III.   OPTICAL SPECTRA 

Optical absorption spectra at room temperature for unannealed 

films of various alloys from GeTe2 to GeSe,, were described by 

deNeufville.1   Absorption spectra at room temperature for annealed 

films are shown in fig. 1.   These latter spectra are simiUr to the 

spectra for unannealed films but the curves are shifted to higher 

energies.   No significant changes in slopes were not^.n except for 

GeSe   , for which the absorption edge slope increased upon annealing. 

A direct comparison of spectra for unannealed and annealed films of 

GeTe2 is given in Fig. 4 of Ref. 1.   ^n fl3. 2 the compositional de- 

pendences of E04 at room temperature for unannealed and annealed 

films arc- shown.   This figure, reproduced from Ref. 1 but corrected 

i   ) 
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at x = 1.0, also includes conductivity activation energies evaluated 

at 250C.   The data of Tig. 1 for representative compositions are 

replotted in Fig. 3 as /(ahuj) vs. hw, showing the ll>-earlty of such 

a plot for high absorption coefficients.   Fig. 3 also Includes plots 

for unannealed films for x = 0.3 and 0.7. 

3      -1 
Let us define T ■ äln(a/a )/dhcoand evaluate T at a = 10    cm 

o 

Table I lists values of E^,, E  . BF, and P     for various ans.ealed alloys 
04      o 

For annealed films B ranges from 3.5 K 10    10 7.6 i   10    cm      eV     . 

Th'  slopes of the absorption edges for the annealed alloys shown in 

Fig. 1 progressively decrease as the optical gap Increases, with the 

exception of those for GeSe   and GeTeSe.   In fact, all curves axcept 

that for GoSe   can be nearly collapsed into one curve by scaling the 

energy axes.   The decrease of slope with increasing gap is borne out by 

the decrease in both B and T in Table I, with the exception of GeSe^ 

The absorption edge for GeSe   is shallower than that for GeTe2, while 

alloying GeTe   and GeSe,. gives absorption edges which are shallower 

than that of cither GeTe    or GeSe   . 

The values of B in Table 1 arc comparable with the values tabula- 

ted by Mott and Davis   for a few other amorphous semiconductors.   The 

values of T     range from 0.07 to 0.11 eV.   The corresponding values of 

r range from 9 to 14 eV~   .   These latter values are smaller than values 

of F (15 to 22 eV~ ) tabulated by Mott and Davis for a number of other 

amorphous semiconductors,   A small portion of the difference can be 
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attributed to the fact that Mott and Davis' values for r were obtained 

from exponential portions of the absorption curv«! whereas our values 

were evaluated at u = iO3 cm"1, where the plots in Fig. 1 still show 

some curvature.   Nevertheless, evaluation of T at lower absorption 

coefficients for x = 0.1 and 1.0 in Fig. 1. for example, yields 16 and 

11.5 eV"'1, respectively; these values are only 6 to 15°/ larger than 

i ) the vaiUes listed In Table I for the same materials.   Thus, at least 

the Se-rich materials in the (GeTe^^GeSe^ system have values 

of F about om-half as large as the T values for some amorphous chal- 

cogenides suc^ as As^e^6   This is significant since, in attempting 

to understand the source of the exponential absorption edge in amor- 

phous semiconductors, the narrow range of T values for vauous materi- 

als has usually been not^d by other workers. 

The temperature dependence ß of E04 was measured between 300 

and ^00OK with the following results: 

() 

-4 
GeTe 6.7 (±0.2) x iO      eV/deg 

GeTeSe 6.1 (±0,6) x IO"4 

(GeTe2)30(GeSe2)70 5.8 (±l)xl0"1 

GeSe, 6.8 (±0.7) x IO-4 

Thus, the temperature dependence of E04 is relatively invariant with 

-4 
composition, with a value of 6 to 7 x 10     eV/deg. 

- 9 - 
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IV.    ELECTRICAL AND THERMOELECTRIC PROPERTIES 

For all the alloys examined in this system, annealing of films 

at temperatures between the substrate deposition temperature and the 

appropriate glass transition temperature brought about decreaser in 

the electrical conductivity, increases in the conductivity activation 

energy, and increases in the optical gap.   The annealing effects on 

the conductivity are shown in Fig. 4(a) and (b) where the electrical 

conductivity and conductivity activation energy AE   at 96  C are plot- 

ted vs. annealing temperature for a number of alloys.   Arrows are also 

included to show the glass transition temperatures.   For most of the 

alloys, the effects of annealing en the electrical properties saturated 

15 or more degrees below T  .   Higher annealing temperatures gave no 
g 

further changes in the conductivity until the crystallization tempera- 

ture was reached, whereupon the conductivity increased by several 

orders of magnitude.   However, slight changes were found in the See- 

beck coefficient even in the vicinity of T  . 
g 

The temperature dependence of the electrical conductivity and 

Seebeck coefficient for amorphous GeTe   are shown in Fig. 5(a) and 

(b) at different annealing temperatures.   The electrical conductivity 

is apparently thermally activated; however, there is slight curvature 

in the log a vs. 1/T plots.   For convenience, we define the parameter 

AE = -älnor/öd/kT) evaluated at 96 C.   The high temperature portions 
o 

of the S vs. 1/T plots are linear, within experimental error.   It is 
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possible, nevertheless, that a curvature corresponding to the small 

curvatures in the log a vs. 1/T curves can be present in the S vs. 

3 
1/T curves.   We define the slope ÄE /e =   dS/H(10 /T).   The anneal- 

s 

ing behavior illustated in Fig. 5(a) and (b) shows that AE   increases, 
o 

a(T) decreases, and AE   increases with annealing. 

The temperature dependences of a and S for a (GeTe )     (GeSe ) 

film are shown in Fig. 6(a) and (b).   The annealing effects on ff are 

qualitatively similar to the annealing effects for GeTe  .   The annealing 

effects on S are draittcahy different, however.   Virgin films of (GeTe ) 

(GeSe )      yield positive linear S vs. 1/T plots with a positive slope, 

as did GeTe   films.   But annealing decreases S until it becomes about 

-1.0 mV/  K, and the slope AE   also is negative.   Also, for the anneal- 

ing interval from 188 to 268 C, in which the pronounced change in S 

from positive to negative takes place, the change in electrical conduc- 

tivity is only about a factor of 2.   Since the conductivity change is so 

small for this drastic change in S, it is tempting to suggest that this 

annealing step involved a slight change in position of the Fermi level 

from the valence band side to the conduction band side of the gap, and 

that the electron and hole conductivity mobilities are comparable.   Of 

course, this is not the only possible interpretation but it is the simplest. 

Results for GeTeSe were qualitatively very similar to those shown 

in Fig. 6 for x = 0.7.   In this case, a change in S from a positive value 

to about -0.7 mV/   K took place between the 195 and 273  C annealing 

192 ' 12 
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steps; the conductivity decrease in this annealing interval was 

-O 
about a factor of 4 to 5.   Upon further annealing at 336 C (above 

T   of 290OC) S remains negative but Its magnitude Is reduced to 
g 

about 0.4 mV/   K as shown In Fig. 7. 

Figure 8 shows a and S vs. 1/T for a (GeTe2)70(Ger,e2)30 film 

(x = 0.3).   The results for S are Intermediate to the results shown 

In Figs. 5 and 6 for x = 0 and 0.7, respectively.    7or x = 0.3, S 

progressively decreases with annealing but does not reach a state 

that Is clearly Indicative of n-type conduction.   After annealing at 

250 and 2710C, S exhibits a minimum which Is Indicative of mixed 

conduction but with the predominant transport species changing with 

temperature.   At low temperature p-type conduction probably pre- 

dominates slightly for those most-annealed states. 

The compositional dependences of a and AE   measured at 96 C 

are shown In Fig. 9 for virgin and well-annealed films.   Figure 7(a) 

and (b) summarize the temperature dependences of S for various com- 

^ positions of films In the virgin and well-annealed amorrnous states. 

Figure 7 shows that in unannealed films both S and AE   IncTMS« as 

Te Is replaced by Se, coupled with the Increase In AE  , as would be 

expected If the dominant transport took place In a band of states well 

below the Fermi level and with the separation of those states and the 

Fermi   level Increasing with Increasing Se content.   However, for the 

annealed amorphous state S decreases progressively with X In the same range 

-13- 193 
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of x, whereas L^.   still Increases with X.   Fig. 10 shows the annealing 
o 

depcndonce of S and AE   evaluated at 96  C for various compositions. 

The decrease in S with increasing annealing temperature is seen for 

compositions from x = 0 to 0.5. 

For unannealud films with x = 0, 0.1, 0.3 and 0.5, approximate 

differences AE   - AE   are 0.03, 0, 0.03, and 0.01 eV respectively, os 

These differences are all small and can be readily accounted for by 

a very slightly temperature dependent mobility.   AE   could not be 
s 

determined for larger values of x because of the films' high resistivi- 

ties. 

x'or annealed GeTe. (x = 0). AE   - &E   was about 0.04 to 0.05 eV, 
  2 o s 

and Is probably accounted for by a slight temperature dependence of 

the mobility and/or slightly mixed conduction.   For strongly annealed 

(GeTe2)0 9(GeSe2)0  j films (x=0.1), AE   Is only 0.28 eV whereas 

ÄEo Is about 0.63 eV.   The fact that both S and ÄE   are significantly 

lower for these films than for GeTe   even though ÄE   Is slightly lar- 

ger, coupled with the enormity of AE   - ÄE   =0.35 eV, clearly suggests 

that there are significant contributions to the transport from carriers 

In bands of states both above and below the Fermi level for the x = 0.1 

material. A reduction in both S and ^E is expected for two-carrier 

transpoit, as shown by the equations In Table 2 of Rockstad, et al. 

Also, In view of the general trend towards negative thermopower as 

11 

the Se:Te ratio Is Increased, It Is evident that AE   - AE   for x = u. 1 
o s 

194 
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is primarily jue to mixed conduction rather than a temperature de- 

pendent mobility.   It is, perhaps, surprising that G vs. l/T Is, 

nevertheless, linear.   Linearity, even In the presence of two-car- 

rier transport, can of course result if the relative location of the 

Fermi level with respect to the v/alence and conduction band edges 

Is Independent of T. 

The structure of S vs. l/T for annealed films with x = 0.3 and 

0.4, in particular, shows evidence of mixed conduction, as dls- 

o 
cussed earlier, and the existence of the minimum near 500 K sug- 

gests a transition from the predominance of one band to the other 

as the temperature Is changed.   Films with greater amounts of Se, 

such as x = 0.5 and 0.7, also Indicate this behavior but their large 

magnitude of S and the predominance of the negative slopes Imply 

predominant transport In a conduction band above the Fermi level. 

Unfortunately, for the latter alloys, because of their high resistivi- 

ties, the temperature ranges for Seebeck coefficient measurements 

were severely limited.   A direct comparison of ÄE   and AE   cannot 
o s 

profitably be made for the latter alloys because of these restricted 

temperature ranges. 

Figure 11 shows S vs. composition at specified temperatures. 

Curve (a) for unannealed films shows the Increase of S with Increasing 

Se:Te ratio, while curve (b) for annealed films shows a nearly pro- 

gressive decrease of S with Increasing Se:Te ratio and a change In 
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sign from positive to negative in the vicinity of x = C,45. 

V.   DISCUSSION 

The s  p   outer electron configuration for Group VI elements such 

as Se and Te leads to a filled lone pair band lying between the bond- 

ing and antibonding bands for Group VI solids, if hybridization between 

12  13 
the s and p states Is negligible.     '       This lone pair band is then the 

valence band.   For materials like GeTe   . with Ge In four-fold coordi- 

nation and Te in two-fold coordination, the valence band should also 

be a non-bonding or lone pair band. 

Hence, a measure of optical gaps or pseudogaps is not a measure 

of the gap between bonding and antibonding states.   We expect, never- 

theless, that the lone pair band will   be more or less similarly located 

between the bonding and antibonding bands for different compositions 

In this pseudoblnary system.   Thus, as the composition and effective 

bond strength are changed, the energy difference between the peaks 

of the valence and conduction hand densities of states should follow 

the effective bond strength.   Whether the valence band Is a bonding 

band or a lone pair band then has little effect on the ensuing discus- 

sion. 

Although many amorphous semiconductors exhibit linear log a vs 

l/T plots, the films discussed here all have slightly curved log a vs 

1/T plots, though the conduction still appears to be thermally activated, 
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Either a temperature dependent mobility or a temperature dependence 

of the Fermi level might account for the curvature. Another possibi- 

lity Is a "soft" mobility edge, where the mobility Increases with In- 

creasing density of states In the band tall, giving rise to curvature 

while still maintaining a them .lly activated character.   Such behavior 

14 
Is discussed In detail by Redfleld     and also illustrated analytically 

^ ^ oy Rockstad. 

For the remaining discussion It Is convenient to separately dis- 

cuss the annealing behavior of these alloys and the compositional de- 

pendence of various physical properties. 

A.   Annealing 

Annealing of these alloys at temperatures below T   brought about 

Increases In the optical absorption edge energy and the ccr.ductlvlty 

activation energy and also marked changes In the thermopower.   The 

temperature /ange In which annealing took place was relatively Inde- 

pendent of composition, even though T   Increased significantly with 

|-v Increasing Se:Te ratio.   Measurements of conductivity as a function of 

film thickness show that the annealing effects are volume distributed 

effects,    in contrast with the surface effects described by Johnson 

and Quinn.        Concomitant with the annealing effects on the electrical 

17 
and optical properties described here, deNeufvllle     found enthalpy 

r 

changes and small changes In the X-ray diffraction patterns.   For GeTe 

films, for example, the enthalpy decrease during annealing was 

0.3 kcal/gm-atom.   The X-ray diffraction patterns indicated amorphous 

' 197 
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structures for both onannealed and annealed films. 

The density of states pseudogap, £3 Indicated by the optical ab- 

sorption edge, Increases with annealing for the alloys described 

here.   Several possible explanations of this Increase s  ould be con- 

18 
sldered.       Annealing Is expected to reduce defects and voldc, al- 

though we do not expect dangling bonds In these chalcogenldes. 

6uch a reduction could sharpen the tails of the density of states spec- 

tra and thereby Increase the optical gap.   The optical absorption edge 

slopes do not change significantly upon annealing (see Fig, 4 of Ref. 1) 

except for the case of GeSe  , and so they do nM indicate a sharpening 

of the density states tails.   It is possible, however, according to the 

19 
theory of Dow and Redfleid,      that the opvrcal absorption edge slope 

is not directly connected to the density of states slope, in which case 

the density of states tails may have sharpened even though the optical 

absorption edges did not. 

For unannealod films, significant fluctuations in bond lengths and 

bond angles might be expected.   These fluctuations may then be reduced 

by annealing.   Thus the unannealed films would possess many weaker 

bonds than do the annealed films, leading to a smaller gap in the un- 

annealed films. 

Another important possibility is that the annealing effects Involve 

changes in bonding, towards a more ordered structure having only Ge-X 

bonds and no Ge-Ge or X-X bonds, with X = Te, Se.   If the unannealed 
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materials contain Ge-Ge and X-X bonds as well as Ge-X bonds, as 

is certainly plauslLle, but the annealed materials contain only 

Ge-X bonds, then the effective bond strength and especially the 

density of states pseudogap should increase with annealing, as was 

observed.   However, sufficient atomic TDti-n for <? grosi rearrange- 

ment of atoms on the short time scale of i few minutes cannot take 

place as far below T   as the observed annealing temperatures. 
g 

annealing begins around 100OC but T   is 230 C or more.   Viscosi- 

ties have not been measured for these alloys, but it is reasonable 

to assume that the activation energy for t' e viscosity is at least 1.5 eV. 

In this case, the viscosity at 100OC is more than five decades higher 

than the viscosity at T   so that gross ator.-,lc motion at 100 C is not 
g 

possible.   It may be, nevertheles   , that only slight atomic motions 

are required to provide the necessary bonding rearrangements.   Further- 

more, the estimate given above for the viscosity at 100 C applies only 

to the annealed states.   The unannealed material may have a lower 

.^. viscosity at 100OC than would an annealed material.   Perhaps the most 

Important factor Is the degree of freedom of the Te or Se bonds. In con- 

trast with the rigidity of the tetrahedral bonds of Ge.   Each tellurium 

atom forms two bonds, at approximately right angles, and also has two 

lone-pair (non-bonding) p-state electrons.   Thus, only two of six 

equivalent possible bonding directions are used In any given bonding 

arrangement.   Slight atomic displacements during annealing could make 
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It favorable for a Te bond to change Erection completely so that 

Te-Te and Ge-Ge bonds can be replaced by Ge-Tc bonds without 

gross motion of Individual atoms.   Intuitively, one feels the sput- 

ter deposition on substrates held at room temperature should result 

in a great number of Ge-Ge and/or X-X bonds, and we believe that 

the bonding in annealed films of GeTe   in particular must be made 

up almost entirely of Ge-Te bonds.   Extrema in various physical 

properties such as the optical gap at the GeX   composition In the 

2,4 
Ge-X binary alloy system support this contention. Hence we 

feel bond rearrangement (chemical ordering) Is a likely contribution 

to the annealing effects observed In this work. 

Quantitative discussion of this Interpretation can also be made. 

The difference In bond energy between like-atom bonds and unllke- 

2 
atom bonds can be estimated from 23 (X-X )   kcai/mole, where X 

30 
and X   are obtained from Pauling's electronegativity scale.       In this 

B 

formula mole refers to a mole of bonds, as opposed to a mole of 

material.   For GeTe   and GeSe  , respectively, these differences are 

2.1 and 8.3 kcal/mole of bonds or 0.09 and 0.36 eV/bond.   At and below 

4       -1 10   cm      the absorption edges for GeTe   and GeSe    shifted about 0.07 

and 0.16 eV, respectively.   If only a few per cent of the bonds are 

weaker In the unannealed materials by energies of order 0.09 and 0.36 

respectively for GeTe   and GeSe  , the observed shifts In the absorption 

tails can probably be accounted for.   For GeTe2, using 4 as the average 

2Ö0, 
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number of bonds per GeTe   molecule, the measured enthalpy change 

of 0.3 kcal/gm-atom can be accounted for by changing only 11% of 

the bonds from like-atom bonds to unlike-atom bonds.   It is quite 

plausible that this small percentage of like-atom bonds are created 

in the as-deposited sputtered films. 

For unannealed films, significant fluctuations in bond lengths 

and bond angles might be expected.   These flucutations may then be 

reduced by annealing.   Thus the unannealed films would possess 

many weaker bonds than do the annealed films, leading to a smaller 

gap for the unannealed films.   However, because of the freedom of 

orientation of the Te and Se bonds, bond distortions in these alloys 

should not be as pronounced as bond distortions in Group IV amorphous 

^1 
semiconductors having purely tetrahfdral bonding.       Hence, although 

relief of bond distortions likely contributes to the observed annealing 

effects, this effect is probably not as important as chemical ordering 

for these GeX   alloys. 

In addition to bringing about an increase of the density of states 

pseudogap, annealing of these materials changes the predominant p- 

type behavior of the unannealed films to mixed n-p or even strong n-type 

behavior In annealed films.   Such a change could be interpreted as due 

to a shift in the Fermi level location away from the valence band or by 

an increase in the ratio of electron to hole mobility.   We feel that the 

first explanation is more likely.   As described in detail in a separate 
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22 
paper,      the data suggest that the Fermi level for unannealed materi- 

als Is displaced suj: ■flc^ntly from the center of the pseudogap or 

mobility gap but tha'     K eallng brings the Fermi level near the center 

of the gap.   As well as E   ., ÄE   also Increases with annealing, and, 

as noted by deNeufvlll.,    the percentage Increase In AE   is greater 
o 

than the percentage increase in E^,.   Thus, the ratio AE /E^. Increases 
04 o    04 

upon annealing, suggesting that the Fermi level is displaced further 

from the nearest band edge in annealed than unannealed materials. 

Either of two alternatives could explain the shift of the Fermi 

level.   If the defect structure in the unannealed films causes a peak in 

23 
the density of states as IHustrated by Davis and Mott,      khm this 

peak could locate the Fermi level below the gap center.   Anneal'ag then 

reduces this defect structure or changes the locatioa of thr peak.   Alter- 

natively, in the absence of such a peak, a valence band tail which is 

steeper than the conduction band tall could cause the Fermi level to 

bo closer to the valence band mobility edge in the unannealed materials. 

A sharpening of the conduction band tail could then bring the Fermi level 

relatively closer to the induction band in the annealed materials.   We 

favor the latter alterna.ive since the occurrence of such a peak in the 

density of states for these materials seems unlikely. 

22 
Devenyl, et al.      suggest that the annealing effects on the electri- 

cal conductivity of sputtered Ge-Te films were partially the result of 

desorpllon of argon which was Included during the sputtering process. 
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Fagen     made detailed studies of annealing effects on the argon 

desorption with mass spectrometric analyses for sputtered GeTe 

films, and found that most of the argon escapes at temperatures 

above the temperatures where the annealing effects on the electri- 

cal conductivity take place.   He thus concluded that argon desorp- 

tion was not responsible for the annealing effects on the electrical 

conductivity. 

B.   Compositional Dependence 

As expected, the optical gap or density of states pseudogap in- 

creases with increasing Se:Te ratio.   This increase follows the ex- 

pected increase In bond strength.   This optical gap is not linear with 

Se-content, but, as discussed by deNeufville   and in the introduction, 

the greatest rate of change of gap with composition occurs at the GeSe 

end of the GeTe -GeSe   binary. 

Although annealed films are closest in detailed structure to genuine 

glasses, the unannealed films are of interest in their own right.   First- 

ly, unannealed films come closer to a completely disordered structure, 

since we believe annealed films really have ordered chemical bonding 

even though they are amorphous with an otherwise random network struc- 

ture.   Secondly, our thermopower results for unannealed films indicate 

a strong similarity of behavior for the different compositions.   At a 

given temperature, for example, S increases uniformly with increasing 

Se:Te ratio, in accordance with the increase in AE   and AE    (see Fig. 11). 
o s 
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In contrast, for annealed films the thermopower at a given tempera- 

ture drops rapidly from positive to negative values as the Se:Te ratio 

Is Increased beyond 0.5 (I.e., :c Is Increased beyond 0.3). 

DeNeufvllie   noted that ^he percentage increase In ÄEo due to 

annealing increased considerably with Increasing Se:Te ratio, even 

though the percentage increase in E      due to annealing changed only 

slightly with changing Se:Te ratio.   Correlating this observation witn 

the thermopower observation, a self-consistent picture is obtained 

if it is supposed that 1) all unannealed films in this system have a 

Fermi level considerably below the pseudogap center;   2) annealing 

brings the Fermi level closer to the gap center for GeTe^rich alloys 

but it is still on the valence band side;   3) annealing raises the Fermi 

level above the gap center, towards the conduction band, for GeSe - 

rich materials. 

The negative thermopowers observed for x >   0.3 represent the 

25 
first observations of negative thermopowers in amorphous chalcogenides, 

to the best of our knowledge, with the exception of observations of 

small negative thermopowers in amorphous Se.       It has often been 

noted in the past that amorphous chalcogenides invariably yield positive 

27 thermopowers.        We also found a change in thermopower from positive 

to negative as Te is replaced by Se in annealed films of two other pseudo- 

binary systems, the GeTe-GeSe and GeTeAs-GeSeAs alloy systems. 

The effect is analogous to the results of self-compensation in wide 
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band gap crystalline semiconductors such as those II-VI crystals 

28 
which can be fabricated only p-type or only n-type.       The direc- 

tion of the trend from Te to Se is also "he same as the trend in II-VI 

crystals. 

C.   Comparison of Chalcogenide and Group IV Semiconductors 

Finally, a comparison of the slopes of the optical absorption 

edges of amorphous chalcogenides and amorphous Group IV semicon- 

ductors is of interest.   With the exception of absorption measurements 

by Donovan, et al.29 and Chopra and Bahl,      absorption edges for 

amorphous Ge films are generally significantly shallower than the 

edges for chalcogenide films having similar optical gaps.   Typical 

values of T"1 for amorphous Ge31 are 0.14 to 0.16 eV compared to 

about 0.07 eV for GeTe2 and 0.06 eV for As^e^       The steep absorp- 

29 
tion edges described by Donovan et al. and Knotek and Donovan      may 

be an occupation effect at the Fermi level rather than the result of a 

steep density of states edge.       Based on the optical absorption results, 

the density of states tails for amorphous Ge are also probably signifi- 

cantly shallower than for amorphous chalcogenides.   This is apparently 

a result of bond distortions.   As illustrated by the Polk model, large 

bond distortions are required for a random network structure of tetrahe- 

ono 21 
drally bonded atoms, with the angle of distortion varying up to 20   . 

These gross bond distortions stand in stark contrast to a random net- 

work structure of GeTe  , which can come about with very little 
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distortion of the tetrahedral bonds about the Ge atoms.   Experimental 

results for the analogous glass SiO   show that the tetrahedral bond 

3 
angles for silicon are preserved.     Any necessary bond angle fluctu- 

ations are apparently absorbed by the oxygen bonds.   We expect the 

structure of GeTe   to be similar to that of SIO  , with any necessary 

bond angle fluctuations absorbed by the Te bonds, which are not as 

rigid c^ the Group IV tetrahedral bonds, and hence such fluctuations 

do not invoh'e as much energy as do fluctuations in Ge tetrahedral 

bond angles.   Furthermore, amorphous Ge may involve fluctuations in 

bond lengths as well, whereas amorphous GeTe   probably does not. 

These bead distortions as wril as numerous unsatisfied bonds in amor- 

phous Ge likely cause the shallow density of states tails, which in 

turn lead to a much higher density of states at the Fermi level for 

amorphous Ge than lor amorphous chalcogenides having a comparable 

band separation.   Other multicomponent chalcogenides, other than 

GeX   materials treated in this pape.    . robably also have relatively steep 

density of states tails compared to Ge due to the flexibility of the chal- 

cogen bonds, even if the composition is relatively complex. 

SUMMARY 

Annealing of alloys in the GeTe -GeSe    system brings about in- 

creases in the optical gaps and the electrical activation energies.   The 

thermopower is positive for all unannealed alloys but is negative for 
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the GeSe -rich annealed alloys. The Fermi level Is below the gap 

center for all the unannealed alloys, but Is relatively close to the 

gap center for annealed alloys.   The unannealed alloys probably 

possess a significant degree of chemical bonding disorder which Is 

34 
reduced by annealing, as was demonstrated by Ferrler, et al. 

for amorphous Te-Tl alloys.   As the disorder Is reduced through 

annealing, the tendency Is for the Fermi level to shift to higher ener- 

gies.   This same major tendency appears to also take place In tetra- 

35 
hedrally bonded amorphous films such as GaAs and GaSb. 

These observations of negative thermopowers represent the first 

25 
negative thermopowers observed for amorphous chalcogenldes,      al- 

though negative thermopowers have also been reported for tetrahe- 

34 2,35,36 35 
dral glasses such as CdGeAs        and Group IV and III-V 

amorphous films. 

Amorphous chalcogenldes such as GeTe   have steeper density 

of states tails than purely tetrahedrally bonded amorphous Ge because 

of the bonding flexibility allowed by the two-fold coordinated chalco- 

gen atoms.   Thus, the chalcogenldes also have lower densities of 

localized states through the gap between extended states than does 

amorphous Ge. 

207 
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FIGURE CAPTIONS 

Figure 1.   Spectral dependence of the absorption coefficient for 

annealed amorphous (GeTe )       (GeSeJ   alloys at room tempera- 

ture.   Also included is the ourve for unannealed GeSe2. 

Figure 2.   Variation with composition of the optical gap and the con- 

ductivity activation energy.   After J. P. deNeufville, J. Non- 

Crystalline Solids 8^10, 85 (1972). 

Figure 3.   Optical absorption for selected unannealed and annealed 

amorphous (GeTe )       (GeSe )    alloys at room temperature, plot- 

ted vs/(ahai vs photon energy. 

Figure 4.   The electrical conductivity a and conductivity activation 

energy AE   = -ölna/ä(l/kT) vs anneall ig temperature for various 

alloys.   Both parameters were evaluated at 96 C.   Glass transition 

temperatures I   are indicated by arrows. 

Figure 5.   Temperature dependence of the thermoelectric power S and 

the electrice.' conductivity a for amorphous GeTe2 at various stages 

of a.inealment. 

Figure 6.   Temperature dependence of the Seebeck coefficient S and the 

electrical conductivity CT for amorphous (GeTe2)30(GeSe2)70 at 

various stages of annealment. 

Tigure 7.   Temperature dependence of the Seebeck coefficient S for 

various amorphous (^eTe^^GeSe^ alloys in the unannealed 

states.   Annealed states shown are those obtained near or below T 
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o_ 
For x = 0.5, data for a higher temperature anneal (336 C) is also 

shown. 

Figure 8.   Seebeck coefficient S and the Seebeck coefficient activation 
3 

energy edS/d(10 /T) vs annealing temperature for various amorphous 

(GeTe )      (GeSe )   alloys, evaluated at 96 C. 

Figure 9.   Temperature dependence of the Seebeck coefficient S and the 

electrical conductivity a for amorphous (GeTe )„(GeSe )30 at 

various stag:-s of ann   ilment. 

Figure 10.   Seebeck coefficient vs composition at 60 C for unannealed 

alloys and at 96 C for fully annealed alloys. 
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Band Level Diagram for Amorphous (GeTe^^GeSe^ Alloys* 

Howard K. Rockstad 

Energy Conversion Devices, Inc., Troy, Michigan 48084 

(    ) 

Comparison of 'optical gaps' and 'electrical gaps' for 

amorphous chalcogenides is discussed.   By analysis based 

on the observation of both n- and p-type thermoelectric 

powers in the GeTe   - GeSe2 pseudobinary system, the 

position of the Fermi level with respect to valence and con- 

duction band edges is estimated. 
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INTRODUCTION 

Numerous comparisons have been made of so-called optical gaps 

and electrical conductivity activation energies for various amorphous 

1-4 
semiconductors. It is usually noted for amorphous chalcogenides 

that the conductivity is thermally activated with an activation energy 

of the order of one-half of an optical gap.   However, definitions of 

optical absorption gaps in amorphous chalcogenides are somewhat 

arbitrary, and their relationships to a gap between extended states 

are unknown.    Nor can the separation of the Fermi level from either of 

the band edges be determined precisely from the conductivity activa- 

tion energy because of an unknown temperatuie dependence of that 

separation and also because of a possible temperature dependence of 
i 

i 

the mobility.   Hence it has not been possible to precisely define a 
! 

band level diagram for amorphous chalcogenides, nor has it been possible 
i 

to state whether or not the Fermi level is in the center of a gap between 

extended states.   It might be supposed that the Fermi level would neces- 

sarily be centrally located between valence and conduction bands at 

moderately high temperatures, but such a relationship may be prevented 

because of large densities of localized states located between those 

bands, particularly because of tailing of the density of states band 

edges for amorphous semiconductors. 

Nevertheless, it is generally assumed that the Fermi level must 

be roughly in the center of a gap between extended states.   In fact, 
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for the lack of a better relation, many models used for discussing 

other types 01 data assume a symmetrical density of states vith the 

Fermi level in the precise center between valence and conduction 

4   S bands. In contrast, it will be shown below that for certein amor- 

phous materials the Fermi level is a significant distance from a 

mobility gap center or a density of states pseudogap center, even 

at room temperature or 100 degrees above room temperature, thus 

assuring the predominance of one carrier over the other during ther- 

mal equilibrium.   The same conclusion was reachec by the author on 

a quite different basis for amorphous As2Te3 fllms-     Also' several 

authors have stated for certain materials that the 'conductivity gap' 

12  4 
is more (or less) than the     ^calgap".   '   '      In these relationships 

the conductivity gap is assumed to be twice the conductivity activa- 

tion energy.   Because of the ambiguities in both the 'conductivity gap' 

and the 'optical gap', such relationships are extremely crude.   Since 

a shift of location of the Fermi level by only a few hundredths eV at 

) room temperature will change the electron to hole population ratio in 

extended states by a factor of ten, it is clearly important to nake 

drastic improvements in the band level relationship. 

In thi paper the relative location of the Fermi level with respect 

to extended state valence and conduction band edges is discussed for 

sputtered amorphous films of (GeTe^^CGeSe^ alloys. The results 

represent a considerable improvement over previous generalizations 
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such as those described ir. the previous paragraphs, and they accu- 

rately descibe the qualitative variation of the Fermi ieve' position 

with composition and with annealing in this alloy system. 

Extensive optical absorption, electrical conductivity, and 

thermoelectric power data have been obtained for both virgin and 

■annealed fllras in '.his system.   Optical absorption and conductivltv 

7 
activation energy data have been published by deNeufvllle.     DeNeuf- 

ville noted that the percentage Increase in the optical gap upon anneal- 

ing was everywhere smaller than the percentage Increase in the conduc- 

tivity activation energy, and the absolute change in optical gap upon 

annealing increased only slightly with Increasing Se:Te ratio while 

the absolute change in the conductivity activation energy Increased 

conslcisrably with increasing Se:Te ratio.   The significance of deNeuf- 

ville's observation in terms of the relative position of the Fermi level 

and the valence and conduction band edges will be made clear by the 

4     -1 
band level diagrams in this paper.   The photon energy hwdO cm    ) 

4      -1 
at which the absorption coefficient is 10   cm     was taken as a 

measure of the optical ga,.; this quantity will be designated E   . in this 

paper.   Since there is no true density of states gap as in crystalline 

materials, it is convenient to define a density of state? pseudogap, 
g 

anu use E      as a measure of such a pseudogap.     The compositional 

dependences of E   4 for virgin and annealed films were given in Refs. 7 

g 
and 9, and thermoelectric data have also been giv» n.     Although 
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the conductivity for these materials Is thermally activated, there are 

slight curvatures in the log a vs 1/T graphs; hence, for the following 

discussion AE   = -ölna/d(l/kT) at 96  C has been somewhat arbi- 
o 

9 
trarily chosen an a measure of the conductivity activation energy. 

Choice of room temperature instead of 96  C would not change the final 

results significantly except that data at that temperature is unavailable 

V J for the widest gap materials because of their high resistivities.   Con- 

ductivity activation energies vary from 0.47 to about 0.9 eV for 

annealed films while E^. varies from 1.2 to 2.36 eV, from GeTe. to 
04 2 

9 
GeSe   .      Both properties are somewhat smaller for virgin films. 

Thermoelectric data indicated that all virgin compositions examined 

are p-type;      annealed films with x ^ 0.1 are also p-type but annealed 

9 
films with x ^ 0.5 are n-type.     S vs 1/T data for annealed films with 

x = 0.3 and 0.4 show transitional behavior between valence and con- 

duction band type of conduction; probably valence band transport domi- 

nates the mixed conduction at low temperature and conduction band 

transport dominates at high temperature. 
J 

ANALYSIS AND RESULTS 

For this simple binary system where one Group VI element is re- 

placed by another Group VI element, it is reasonable to make the approxi- 

mation that as x is varied, E   - E   is proportional to E^., where it is 
c       v 04 

assumed that the mobility gap model is appropriate for this system and 
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E   and E   are conduction and valence hai:d mobility edges.       Al- 
c v 

though the applicability of the sharp mobilit/ edge concept is uncer- 

tain, it is nevertheless useful to employ band ^dges as points of 

reference.   These band eiges then may represent sharp or soft mobility 

edges or an energy where the differential conductivity a(E)dE Is largest 

at reasonably high temperatures, say above room temperature. 

For simplicity, It will be assumed that the separation of the Fermi 

level and the nearest edge approximately scales with the empirical 

12 
parameter AE   as the composition Is varied.       Then the ratio 

(E   - E )/(E   - E ) or (E   - Ej/(E   - E ) approximately scales with 
F       v       c       v c       t        c       v 

IE /E^A.   The latter ratio ^C /E-. Is plotted In Fig. 1 for virgin and 
o    04 o    04 

annealed films.   The two salient features 01 Fig. 1 are that 1) ^E /E 
o     (J4 

Is smaller for virgin than for annealed films and 2) the ratio for annealed 

films peax^ at about x = 0.5.   Furthermore, thermoelectric data Indicate 

that annealed compositions on the GeSe    side of the peak are n-type 

whereas thos^ on the GeTe   side are p-type, although there Is a fairly 

broad range of compositions for which conduction Is mixed.   It appears 

that the peak in Fig. 1 for annealed films is a consequence of a Fermi 

level location which moves with respect to the center of the mobility 

gap as the composition Is marled, passing through the center of the gap 

13 
In the vicinity of x = 0.5. 

Since there are so many unknowns In amorphous materials. Includ- 

ing    namely, the effective densities of states at the mobility edges, 
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the carrier mobilities, the location of the Fermi level and the tempera- 

ture dependences of these quantities, several complex alternatives are 

possible explanations of the peak in Fig. 1 coupled with the n-and p-type 

thermopower for annealed alloys.   For example, it could be assumed 

that the Fermi level is in the center of the mobility gap for all compositions 

in the binary.   Then, for consistency with the thermopower data it would 
) 

follow that the mobility-density of states product for holes dominates for 

GeTe2-rich materials and the mobility-density of states product for 

electrons dominates for GeSe -rich materials.   The existence of the 

peak in ^E^E     ical would then necessarily be explained by some 

appropriate variation of ß    .  with composition and/or variation of the 
e ,11 

density of states at the mobility edges.   Here, 0U and ß   are the tempera- 
n e 

ture dependences of the separation of the Fermi level and the valence 

and conduction band edges, respectively.   The simplest assumption, 

however, consistent with and making direct use of the thermopower 

results coupled with the peik in ÄE /£_., is the assumption that the 
O      U4 

Fermi level is slightly on one side of the gap center for some materials 

and slightly on the other side for other materials. 

Making the approximation that DAE /E„, = (E   - E )/E   - E ) or 
o    04 F       v      c       v 

(Ec - EF)/(Ec - E^), depending on whether the material is p- or n-type, 

with D independent of composition and determined atx= 0.5, D= 0.89 

is obtained from Fig. 1. Using this value of D, E nay then be plotted 

with respect to Ev and E  .   Such plots are given in Fig. 2(a) and (b) for 
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virgin and annealed films, respectively, the gap center, 1/2 (E   - E ), 

is also plotted (dotted line) as a basis of reference for the Fermi level 

(solid line).   Since correct values r/l E   - E   are unknown, the vertical c       v 

scales of Fig. 2 are labeled "arbiträr/ units'.   However, if eV are used 

as the units, the curves for the conduction band edges are equivalent 

to E^,.   The particular lines shown for the Fermi levels are based on 04 

equal electron and hole mobilities, but unequal mobilities would not 

13 change the positions significantly.       The essential results shown by 

Fig. 2(a) and (b) are that the Fermi level is significantly below the gap 

center for all unannealed alloys, it is relatively close to but below the 

gap center for annealed GeTe -rich alloys, and it is above the gap cen- 

ter for annealed GeSe -rich alloys. 

The approximation in the above paragraphs assumes that AE   = 

E   + /3UT is proportional to E   - E   for x < 0.5 (and AE   = E   - Er + 0 T vh Fv ocFe 

is proportional to E   - E   for x > 0.5), which requires that ß   {ß ) 
C r n      c 

scales with E,, (E   - Ej as the composition and gap are changed.   Such 
F      C        F 

an assumption is not valid and probably introduces an error in our treat- 

ment of a few hundredths eV at the endpoints of the GeTe -GeSe   binary. 

An alternative and distinctly different simplifying assumption that can be 

made is that ß,  and ß   are independent of composition.   Since ß, the 
n e 

9 
temperature dependence of E-., is nearly independent of composition, 

this latter assumption may be more reasonable than the assumption of 

-4 
the above paragraph.   Taking ^.  =/3   =3.5x10     eV/deg, n       e 

(AE   - ß,     T)/E_ . can be netted for both virgin and annealed materials, o       h,e        04 

- 8 - 
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A graph similar to Fig. 1 results.   Then DiaT.   - ßh e
T)/E

04 " 

(E   - E )/(E   - E ) or (E   - Er,)/(E   - E ), and the corresponding 
Fvcv cFcv 

band level schematics lor this assumption can be determined.    (D in 

this case is 1.016.)   The results are very similar to the solid lines 

of Fig. 2(a) and (b), with the Fermi level displaced from 0 to 0.03 eV 

lower for annealed films, and 0.04 to 0.08 eV lower for virgin films. 

The broken lines in Fig. 2(a) and (b) represent this second approxi- 

mation.    Note that the solid and broken lines are relatively close so 

that the location of the Fermi level varies very little with the approxi- 

mations discussed in this last paragraph, and the qualitative conclusions 

which will be discussed later are unchanged. 

An estimate of the mobility gap can be made for annealed GeTeSe 

since the Fermi level is in the center of the gap for this alloy, in our 

interpretation.   The tempersture dependence of E   . for this material is 

-4 /3 = 6.8 x 10      eV/deg.       For those alloys where a reasonable compar- 

ison can be made,   AE   is close to the thermopower slope AE  , so any 
o s 

temperature dependence of the mobility is small and will be neglected 

here.9   In this case, E   -E   = 2AE   -/9T = 1.5 ± .06 eV at 300OK.   This 
C V o 

number is in close accord with E^. = 1.53 eV at 300 K for that compo- 
04 

sition.    Note that this calculation is independent of other approximations 

made earlier in this paper.   An independent estimate of E^ - E   can be 

made from the thermopower slope for annealed OeTe   coupled with Fig. ^fo) 

Assuming negligible contribution to the transport in GeTe   from carriers 

- 9 - 
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above the Fermi level, EF - Ev = bE^ - $hT.   Also, from the lower 

Fermi level position indicated in Fig. 7(b), which was derived based 

upon assuming ß   and ß   are independent of composition, Ec - E^ = 

2.63(EF- E ).   Using AEs = 0.55 eV and ^ *• 1/2 ß, Ec - Ev = 1.18 eV 

14 
at 300OK is obtained, in good agreement with E04 - 1.2 eV.       The good 

agreement between E      and the values of Ec - Ev calculated here may 

be partially fortuitous since uncertainties of perhaps at least ±0.06 eV 

should be ascribed to E   - E   due to unknowns such as motion of the 
c       v 

Fermi level with temperature and uncertainties in proper values for the 

conductivity activation energy. 

SUMMARY AND DISCUSSION OF 

THE PHYSICAL RESULTS EVIDENT IN THE BAND LEVEL DIAGRAMS 

It is difficult to locate the Fermi level in the gap for amorphous 

semiconductors because of the great number of unknowns.   Hence it is 

necessary to make approximations or assumptions.   The assumptions 

made above, although not rigorously valid, are quite helpful in visual- 

izing   the location of the Fermi level in the gap for the GeTe2-GeSe2 

alloy system. 

From Fig. 2 it is seen that for virgin sputtered films the Fermi level 

is on the valence band side of the gap and is more than 0.1 eV from the 

gap center for all compositions.   For annealed films the Fermi level is 

generally closer to the gap center than it was for virgin films; and it is 

below the gap center for 0 < x < 0.4 but is obove the gap center for 

231 
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0.6< x< l.O.15 

7  9 
As was noted before from optical absorption data,        the density 

of states pseudogap Increases with annealing of the sputtered films. 

From Fig. 2(a) and (b). annealing causes the Fermi level to move 

further away from the valence band for all alloys.   This shift Is most 

dramatic for x > 0.5,In the sense that It brings about a change In sign 

of thermopower behavior between the virgin and annealed states. 

A model for the change of sign of the thermopower with compo- 

sition for onnealed materials Is that even In the annealed state the 

Fermi level is determined by defects.   We assume that the annealed 

materials are In metastable equilibrium at the glass transition tempera- 

ture (T ), and that defects are present In this metastable state.   The 

nature and density of these defects are such as to cause a trend from 

p- to n-type behavior as the Se:Te ratio Is Increased.   However, for 

unannealed films, the process of deposition on substrates held con- 

siderably below T   introduces additional defects which completely 

dominate over the above defects.   These additional defects cause the 

Fermi level to lie considerably below the gap center regardless of the 

Se:Te ratio. 

The trend from p-type behavior to n-type behavior as Te Is replaced 

by Se in annealed films Is In the same direction as the trends observed 

in wide gap crystalline semiconductors, where native defects and self- 

compensation effects dominate the conduction behavior (I.e., certain 
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crystalline compounds In thermodynamic equilibrium cannot be doped 

with donors and others cannot be doped with acceptors).16   We specu- 

late that such self-compensation effects are also operative in amor- 

phous semiconductors, even though the types of defects present in these 

amorphous semiconductors must be quite different than the types of 

defects present in crystalline semiconductors.   We have also observed 

the same trends from p- to n-type thermoelectric power as Te Is replaced 

by Se in annealed films of the GeTe-GeSe and GeTeAs-GeSeAs alloy 

system.   In glasses of the As^ - As2Se3 system, on the basis of a 

comparison of optical gaps and electrical activation energies, the 

Fermi level also appears to move relatively further from the valence band 

edge with respect to the mobility gap, as Te is replaced by Se.   Although 

thermopower data by one laboratory for the entire system is unavailable, 

the literature indicates that As^ and As2Se   are both p-type17"19,6 

and the ratios ÄE/E^^ and AE/E^^ increase significantly 

with increasing Se:Te ratio.18'19   It may well be that the Fermi level 

is on the valence band side of the gap renter for all vitreous As Te - 
2    3 

As2Se3 a:ioys' but that the Fermi level is much further from the gap 

center for small Se:Te ratios than for As2Se3.   Thus there appears to 

be a trend in a variety of amorphous chalcogenides for (E   - E )/(E   - E ) 
F       v       c       v 

to increase as the Se:Te ratio is increased. 

Other detailed work on the thermopower and electrical conductivity 

of various amorphous chalcogenide alloys has been performed by 
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I    ) 

I    ) 

17 
Seager, et al.       Their alternative school of thought takes these latter 

data as evidence for polaren conduction and avoids the use of the 

Fermi level and band language that was used in this paper.    Neverthe- 

less, the band language employed in this paper must also be con- 

sistent with their school of thought. 
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13.    If the electron-hole mobility ratio is unequal to unity, the 

Fermi level should pass through the gap center somewhat to 

one side of the peak in Fig. *.   However, a large mobility 
2 

ratio, such as 10  , is unlikely because such a mobility ratio 

should cause a sharp gradient in the ratio plotted in Fig. 1 

on one side of tie peak. 

14.    Ah   - 0.55 eV was obtained from the same sample and annealing 

step that gave AE   = 0.615 eV at 96 C, as was used for Figs. 1 

and 2(b). 
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would shift the peak in Fig. 1 for annealed materials to smaller 

x.   Somewhat surprisingly, this is consistent with the thermo- 

power data, which indicates that for x ^ 0.3 the relative position 

of the Fermi level with respect to E   and E   moves further away 
v c 

from the valence band, towards the conduction band, as  the tempera- 

ture increases, since the temperature dependence of S indicates 

transitional behavior.   Thus a similar band level diagram at 200 C 

for annealed films would show the Fermi level somewhat higher 

than that of Fig. 2(b), and quite near the gap center for x = 0.3 

instead of x = 0.5. 
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Compounds (Interscience. New York, 1967). 

17. C. H. Seager, D. Emin, ar.H R. K. Quinn, J. Non-Crystalline 
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FIGURE CAPTIONS 

Figure 1.   The ratto AE/E^ vs x for virgin (unannealed) and annealed 

(GeTe2)1_x(GeSe2)x films. 

Figure 2.   Band level diagrams for virgin (unannealed) and annealed 

amorphous films of (GeTe^^jGeSe,,^ showing the relative 

locations of the valence and conduction band edges and the Fermi 

level for temperatures in the vicinity of room temperature to 100OC. 

The Fermi level is indicated for two different assumptions: i) solid 

line - AB/EQ. is proportional to the smaller of (E   - E )/(E   - E ) 
c       F       c       v 

cr (EF - Ev;/(Ec - Ev);   ii) broken line - ^ and fl^. as defined in 

in the text, are independent of composition.   The curves for the con- 

duction band edges are also equivalent to the measured values of 

E04 lf the unit eV iz aEcribed to the vertical scales. 
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