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Semiannual Technical Report 

AMORPHOUS SEMICONIXJCTORS:     ELECTRICAL AND THERMAL PROCESSES 

Preface 
■ 

Characterization of the switching processes in selected amorphous 

semiconductors continues to De the focus of this work. The work is progressing 

in two related channels, the first comparing the actual switching behavior 

of amorphous semiconductor films with computer simulations based on an 

assumed thermal model, and the second correlating'the observed electronic 

spectra of crystalline and amorphous semiconductors with their electrical 

characteristics. 

Two papers have been written during the past six months which are 

based on research funded by this grant. The first, coauthored by L. H. 

Slack and L. R. Durden and entitled "Observation of Electronic Spectra in 

Glass and Ceramic Surfaces" is being presented on August 27, 1973, at a 

conference "Surfaces and Interfaces of Glass and Ceramics" being held at 

Alfred University, Alfred, New York. The paper will be published by Plenum 

Press in the proceedings of the conference as a volume of their Materials 

Science Research Series. The second paper by W. D. Leahy, T. P. Kabaservice, 

and L. H. Slack will bo resented by the principal investigator at the Fifth 

International Conference on Amorphous and Liquid Semiconductors, at Garmish- 

Partenkirchen, Germany on September 5, 1973. This paper will appear in 

the proceedings of the conference to be published in the Journal of Non- 

crystalline Solids. 
v^ 
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Semiannual Rechnical Report 

AMORPHOUS SEMICONDUCTORS: ELECTRICAL AND THERMAL PROCESSES 

Part I 

Experimental and Computer Studies of Switching in AsTe Films 

A.  Introduction 

The study of switching has turned from the low melting chalcogenide 

glasses to the more stable semiconducting oxide glasses. Much of the past 

six months has been spent in learning to make ceramic sputtering targets 

which would not fracture during radio frequency sputtering, and to sputter 

oxide thin films. The oxides studied are from the V^ - T^    system and 

some selected compositions with the major component being Bi 0 

1116 V205 " P205 S7Stem was chosen because the system has been characterized 

in the literature(1-12) and is known to give a variation in conductivity.  The 

Bi203 compositions are of interest because switching has been observed in 

polycrystine ZnO containing Bi^13'1^. Morris(15) has shown that this 

mixture sinters to a dense solid by liquid grain boundary sintering.  He 

isolated the grain boundary phase by dissolving away the ZnO crystals with 

a preferential etchant. Electron microprobe analysis indicated that the 

Bi:Zn ratio in the grain boundary phase was between 10:1 and 3:1. The Bi 0 - 

ZnO phase diagram(16> reveals that there is a 750oC eutectic at about 8 mole 

% ZnO, and that a G.c.c. phase forms containing about 11 mole 7« ZnO.  The 

liquid phase that forms during fintering would have Che eutectic composition, 

and would therefore be near the 10:1 Bi:Zn end of the range that Morris 

specified. The composition 86 Bi^U ZnO was chosen for thin film preparation 

and subsequent switching studies. 
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It is postulated that electrical conduction in this Bi^ - ZnO amorphous 

semiconductor phase is related to the multiple valence nature of the bismuth 

ion. Mno is another phase which has been found(17) o exhibit appreciable 

conduction.  In an effort to enhance the conductivity of the Bi 0 - ZnO 

phase, MnO was added. After consideration of the Bi^ - ZnO and Bi 0 - MnO(8) 

phase diagrams, it was estimated that the eutectic in the Bi^ :ZnO:MnO ternary 

system would at an approximate molar ratio of 70:10:20. This composition 

was also chosen for film preparation and switching studies. An approximate 

eutectic composition was chosen in order to facilitate fabrication of the 

sputtering target. 

B. Preparation of V^ - P^ Glasses (written bv M. Chakraborty) 

Several attempts were made to form V^,. - P^,. glasses. The several 

techniques required using V^, 5N purity, as one starting compound and 

phosphorous pentoxide powder, P^, ammonium dihydrogen phosphate, NH I^PO , 

or orthophospheric acid, H^, as the additional compound. 

The hydroscopic nature of P^ powder requires that all weighing 

operations and mixing be carried out in a dry nitrogen atmosphere.  Initially 

the starting materials, V^ and P^, were placed in a Vycor tube and 

sealed under vacuum. However, slight exposure to atmospheric air, between 

the dry box and the vacuum pump, allowed the P^,. to absorb moisture.  Con- 

sequently, the mixtura tended to foam rather than melt, causing the sealed 

tubes to explode. As a result this procedure was abandoned. 

An alternative method was selected which required the thermal de- 

composition of NH4H2P04 to obtain P^ indirectly. The violence of the 

thermal decomposition of N^H^ is sufficient to cause considerable loss 

of starting material resulting in a deviation in glass composition. This 

method was also abandoned. 

i,aTi'iaMirrifl'iirft^ifiij)ibaflitiii 
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A rhird „athod. „hich proved successful, required the decomposition 

of otthophosphoric acid to ^    Starting materials „ere placed In a 

beaker, with sufficient distilled „ater to form a slurry, then agitated 

for one half hour. The slurry „as dried in an oven at 170°-l75°c untU it 

attained a constant „eight(aPprox. 40 hours). The miature appeared to have 

reacted chenicaUy and the resultant product sho„ed „o tendency to pIcR 

up moisture from the atmosphere. 

Reacted materials „ere melted in alumina crucibles „ith lids for one 

heen heated to 250% • annealed at 270°C for eight hours and aUo„ed to 

furnace cool. Final shaping of the glass samples, as R. P. Sputtering 

targets and thermal conductivity sa-ples, „as accomplished by grinding 

and polishing with silicon carbide. 

C Preparation of 86 U^-U  ZnO and 70 Bi^-^JO « Films („ril:ten 

by W. D. Leahy) 

Ceraaic bodies for R. F. Sputtering and thermal conductivity measure- 

.ents „ere prepared fro. analytical grade Bi^, ZnO, and ^    Appropriate 

batches WOO gns) „ere „eighed on an analytical balance and „iXed under 

acetone. After drying, 1-« de!ttrln, by „eight> was ^  ^^ ^  ^ 

batches £ollo„ed hy one drop of distiUed „ater for every tan gra.s of 

batch. Sputtering targets and thermal conductivity saa.ples „ere pressed 

at 10,000 pounds in U inch and 18 mm pellet presses respectively. AH 

carbide paper to insure good thermal contact. 

Sputtering targets „ere silver epoxied onto brass holders and resistor 

cement „as applied around the base of the bra.= h„i,,  . 
tne brass holder for extra mechanical 

strength. 

Äii« ■ ■. ■. iriliTiiliiHiliMMiiriiiii   y- -rr.....^-^^^^^...»*^.^.^^.^^^^^»^.^..-- -n mn-WitiliVi 
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Ko  types of substrates „ere used during sputtering, depending on the 

.ppiication. For eiectrics! oonduotivity. glass sUdes .as.ed „ith aiuMnu, 

foil „ere used.  The „asking provided a step tor the thictass measurement. 

For svitching experl.ents. fil™ „ere sputtered onto ^^ ^ ^^ 

»ately I  inch in diameter. V205 - ^  glasse8 „ere sputtercd ^ argon 

The bismuth OKide compositions required pure oxygen to eUMnate reduction. 

D. Electrical and Thermal Measurements on Oxide Films 

At this „riting. the oxide films have bean deposited and the s„itchlng 

devices have been fabricated. Preliminary switching tests on a curve- 

tracer oscilloscope indicate that the V^.^o,. Hlm  does demonst:ri!te 

switching, ae other oxide films require very high voltages. 

Four point probe measurements of resistivity and thermal activation 

energy for conduction are in process. Thermal conductivity and heat capacity 

Bi203 - Z„0 and Bl^ - ZnO - M„o ceramics, identical to the ones used for 

the sputtering targets. 

When these physical property measurements are complete, the computer 

simulation of s„ltching can proceed. 

U:,.<,„:.'...u*,^*.^^r ^^^■-'-^timmMmmm 
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Part II 

ELctron Spectra „f Selected Amorphou« and OrystaUlJ 

Chalcogenide Alloys („ritten by L. E. Durden) 

Several Inveatl.atoradS.l^, have shom ^„„^ ^^ the opticai 

and electrical properties of crystalUne Mterlals and a.orphoos Ulras of 

the 3a„e compositions are quUe different, other Investigators(20,21, 

^ve sKo„n the valne of X-ray photoelectron spectrosoopy as a too, for 

studying tHe bonding cbaraoterlstlcs of „eterlals. THe cbanges In the binding 

»orgy of tHe electrons and tbe sbapes of ocoopled electron levels reveal 

With tbe partlcolar level under Investigation. „itb tbe relative electro- 

negativity ol tbe bonded ele-enta and „Itb tbe atomic stroctnre of tbe solid 

It is generally known, fron, band theory that th*      i 
"leory, that the valence electrons partial- 

Pate in bonding as „ell as condnctlon process. Hence, It „as proposed ^ 

-Pectroscoplc studies. reveaUn. tbe natnre ot  tbe valence band, sbonld 

Vleld some Inslgbt Into tbe natnre ot  tbe bond and tbe condnctlon process. 

To date, selected subvalence and valence level X-rav 0h„t , 
vej. A ray photoelectron 

spectra have been collected for both polycrystallin. ,  1 
poiycrystalline samples and amorphous 

films of the following compositions: Ge, Si C Te s. r  -r 
'  ' C' Te' Se' Ge40Te60' GeTe' 

e60Te40, GeSe2. C^S,^.  and GeSe. Tbese spectra, gatbered „sing 

AlK.li2 as an e.cltlng source, and electrical conductivity data. „bar. 

obtainable, are presented In this paper. 

Sample Preoaratinn 

Samples ot  Oe^Xe,, OeXe. Se^Te^. OeSe, ^ ^        a„d ^    , 

grade SI and Ge. starting materials „ere placed in 22mm ! D V 
f      =u iu z^mm i.D. Vycor tubing 

sealed under vacuum, and reacted fnr 79 i, 
reacted for 72 hours with intermittent agitation. 

d-riiiiAtfii'nvirni ■ii'finiYiiiihlMtffiiiüS 
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All crystalline materials were water quenched to retain a fine grain 

structure. 

Cylindrical wafers 0.5tnm and 0.25 in. thick were sliced from the 

crystalline material and laminated. wUh electrically and ther.ally con- 

ducting silver epoxy, to holders suitable for insertion into the electron 

spectrometer<*> and the R. F. sputtering unit^ respectively. 

Amorphous thin films for electron spectroscopy and conductivity 

measurements were R. F. Sputtered directly onto suitable sample holders 

and glass microscope slides, respectively.  In all cases thin fil* samples 

were prepared just prior to measurements and the collection of spectral 

data. 

Data Collection 

Electron spectral data included the range fron: the fermi level to 

18 eV of binding energy as well as 5 eV of binding energy above and below 

the strongest subvalence level.  The variable parameters of the spectro- 

meter were selected to yield a resolution of not less than 0.1 eV. 

Electrical conductivity measurements were made using the four-point 

probe technique as described by Valdes^22). ^ environmental chamber^ 

was used to control the temperature, to within 10C of various set points, 

and the current and voltage were measured to a precision of not less than 

3% using an electrometer and a microvoLt-ammeter^ yielding a maximum 

probable error of 6%. 

AEI Scientific Apparatus limited. ES-100 

R.   D.   Mathis  Co. 

O*)     , 
Delta Design,   Inc.,   HK-2300,   Temperature chamber 

(4*) 
Kiethley  Instruments,   Inc.,  Model  153.  Microvolt-ammeter 
K.ethley Instruments,   Inc.. Model 610B.  Multi-rangHllctrometer, 

i" rfi i ■ilrttiiitfii nlrr^tfri liMtr i r i 1 if i'il ^ugjfeudJ^yuii^Utf^ . .,.     .    ...~. ^y|..    J-.....-«^^.! ^.m.-...^ .....^-■i ..-a.* 
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Results 

The vsIe„Ce Uve! spectra of an ^„„^ £llm; prepMed by eiectron 

-™ evaporatlon. and crystalllne Ge> pigure ^  ^^ ^ TOU ^^^ ^ 

-r .he crystalUne materlal at 3 0 ev ^^ is ^^^ ^ ^ ^^^^^ 

..aterlal. To ascertaln „hether ^ abseMe ^ a (reii ^^^^ & ^ ^^^ 

was the result of the method of deposition, a similar fi in, 
r     ii, d bimiiar Jriim was prepared 

--■  R. F. sputtarln8. Fl8Ura 2. lt la sean that tha ^ ^^^^ are idanticai 

in Shape ladlcatln, that tha noda of deposition did not distort the electron 

spectra. 

Similar spectra collected for Si Fie„rp ?  K 
or ai, figure 3, show the same essential 

stores as those for <*.  „^ the promlnant Si ^ ievei ^ ^ 

3.3 eV of binding energy m tha erystaUlne sampU Is ahsant In both 

-rphoas fU.3. The structnra. cantered at 8.. eV of binding energy 

that is present In tha spattered flta and absent In the vapor deposited 

m». is  probabXy daa te the occurrence of the S-U.e Uvels centered at 

6.6 eV and 9.2 eV that have been reported by Ley et al ^      .   , 
j  ^ey BC' ai,    anci could 

indicate sone degree of ordering in the fllm. H.»^. electron 

aiffractlon faUad to Indicate the presence of any mlcro-crystaUltes 

Xe ascertain „hether the bach strewing of carbon fro. diffusion puBp 

OH couid aUer the vaXence Uvet spectra a sputtered fu„ of »orphous 

carbon „as eaamlned, Pigure 4. Zhare Is no Indication of any valence 

level structure In the energy range under study, fading to the conduslon 

that there Is no significant contribution to vaWe leva! electron spectra 

from carbon contamination. 

Valence band spectra of »orphona and crystaUlne Ge^Te^. Ge.e. a„d 

^0le40 are contained In ngurea 5-7. Morpheus valance levels show a 

^ i et*** ■^■^Biitrtiiifi itftirtkttfriiii i^ttf ihyffe'riiriBtoiftii riiritäi l   'f^u^u^^^^WMUttUkc^CM^M^ fattitf-'ft^fatiartiftfttfttfii Tri rim 
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»ell d    taed peat structure at 3 5 eV    19    „ 

«»Ue the ervatamue  1 

= ■3 eV, 5.3 eV and 3„ eV reSpecttvely. 

- **  in the UentmcaU.» „f the valence Uvel ^  ^ ^ 

™ - - -eU!t conposlclonS) a „^^ uvei ^^^^ ^ 
cryataUlne le „as collected. Figure SB,-, 

8 " 3-  lhe v''la"c« "and of crystalline 
J-e is shown at 2 2 ^u  r^„ a^^ eV.  Comparison of the valence level in  ! 
rp v. , ievel ln Po:Lycrystalline 
Ge. Fxgure 1, and in polycrystalline Te, Figure 8 ^   th 

levels of the Ge Te ' ^  ^ ValenCe elect-n 
«e^^ composition, shows that there is little Similarity 

Hie valence electron level soectra , f . 
Gesa a.        c Morpheus and polycrystalline 

2'  43.5Se56 5 an'1 ^Se,  Figures 9-11 .,,„ 

fur the CeSa   <r ^"^ ^^  d'"«oncas. 

spectra, which have sharp, well define   u 
Th 

P'     deflned Peaks " 2.5 eV of binding energy 
The crystalline valence levels of Ge   Se 
.  ,.    c ^3,5**56.5  arR ^lte  ^ell defined compared 

^  of oese, and CeSe. ^rpHous valence electron levels oF Oe   s 

^ ^ - denned and dearly sho„ an s-Uke dou.et at 9.3 oV a^
5 ^ 

bindln8 — "^ ^ ' — OF tHe crystalline levels 
present. 

::::at:;:;r3-2evofMnditts^-—-P electron 
veU. Ccns.der.ng the appropriate valence level sHIFts, relating to 

account for the broad crystalline 
crystalline peaks found in the Ge Se]  samples. 

Amorphous and polycrystalline AsTe. Figure 13 ha    7 
>  figure 13, have valence levels 

that resemble those of Ge,0  Se      Th.  , 
43.5be56.5- ^ Polycrystalline sample shows 

a skewed peak beginning at 7 3 eV anrf 0 A4 
t 7.3 eV and ending near zero eV with its center 

iiM<MiitMi»m""''"^'-"^-'j^j^^^'^mja^^ii^-—'~^^"aitiiiii^M>iiilfirMiimiiiilffiiiiif^ 
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at 5.2 eV.     The amorphous spectrum contains  three peaks,   two that are 

part of a doublet at 10 0 eV and ft  i „i? 
eV and 8.5 eV,   and a broad peak extending   from 

15.8 eV to zero eV »1th its center at 2.9 eV. 

Coeparlaon of tbe binding energy of the strongest subvalenoe level 

of each element among the polycrystalllne elements. polycrystalUne alloys 

and amorphons  fUms.   faUed t0 8hm, any ^^ o( ^ ^^  ^ ^ 

height peak broadenxne    that mni^ K« 
ning,   that could be associated with changes in atomic 

bonding or  coordination. 

Variation of the electrical conductive of amorphoos and crystalline 

•VV* ""Portions and selected elements, Fignres 14 and 15. show that 

generell, the crystalUne materials are several orders of magnltnde more 

conducting than amorphous materials of  the same composition.    This   fact 

alone indicates  that there is some electronio and structural difference 

that tends   to reduce the mobilltjr of charge c rrlers in .»      u 
3 "atge crners in amorphous materials. 

The precise mechanism Is yet to be determined. 

Discussion 

The electronic structure of fourth period metalloids  Is such that 

the valence eloctron ievels.  a combination of s and p orbitale,   overlap  to 

fotm an sp    hybrldized band ^ ^ ^ ^ ^^ ^^^ 

At true crystallographic e,uiUbrinm the sp hand splits into t„o bands, 

the lower energy,  valence band,  being c^pietely filled and the upper energy 

band,  conduction band, being Co„pletely amPtyW.    rne £arnl Uvel  lles 

between the valence and conduction bands.     Since it Is not likely that 

that structural disorder could broaden energy levels by several eV,  it is 

concluded  that the valence Uvel structure is distorted due to trapping of 

electrons  in high energy traps,   that result from struotural disorder and 

unsatisfied bonds.    Such an emanation would also explain the reduction 

. 
J^^.^.._..^,,:,,,,.,,,,,.,,,,,,, t||,,,M,ir,.^.^  itn- i - i I'ti^iiW^^itolithliiiriiliirfiBiiiliTiiiM 
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in electrical conductivity of amorphous films, relative to crystalline 

samples, Figure 13, since electron traps would tend to reduce carrier 

lifetimes and hence d,c. electrical conductivity. 

The amorphous valence level spectra of Ge Te   are very sharp and 

well defined while the crystalline valence electron levels are broad except 

for crystalline GeTe whose valence level spectrum shows a snarp, well 

defined peak. This result is expected since Ge.-Te,„ and Ge Te  are 
40 60      60 40 

two phase alloys that contain GeTe + Ge and GeTe + Te respectiv ;lv. The 

GeTe phase, occurring at 5.3 eV of binding energy, is manifest as a shoulder 

on the hign energy side of the Ge^Te^ and Ge^Te  valence level peaks. 

Coupled with the lack of significant shifts in subvalence levels, the 

above observations indicate that the bonding in Ge Te,  compositions is 
x 1-x 

a mixture of covalent and metallic bonding and that at x = 0.5 bonding is 

principally covalent with an ionic component. The principle reason for 

the different bonding in GeTe is evident when the electronic configurations 

of Ge and Te are considered. Germanium has the electronic structure 

, 2 2 6 2 6 10 2 '^ 
Is 2s 2p 3s 3p 3d 4s 4p" 

and tellurium has the electronic structure 

,2262 6.10. 2, 6.JI0e 2C 4 Is 2s 2p 3s 3p 3d 43 ^tp 4d 5s 5p 

Thu ; Ge and Te complement each other so that there are just enough p level 

electrons to complete the outer band of one or other of the atoms.  The 

electro-negativities of Ge and Te, 1,8 and 2.1 respectively, indicate 

LlKit neither atom is sufficiently electronegative to ionize the other. 

The result beiug a covalent bond that is approximately 0.3% ionic. 

Sharp valence electron peaks in amorphous films of Ge Te,  compositions 
x 1-x   r       ' 

occur at approximately 3.4 eV of binding energy and indicate that the 

^MftiriMifl^M^^tate^^^kiafetABtt 
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structure of the amorphous films is nearly identical but different from 

the structure of crystalline materials of the same composition.  The 

shift to lower binding energy of the main body of the valence level peak 

indicates that the band has become less ionic. A similar conclusion was 

reached by Betts, et. al. (25) 

Spectral studies of Ge^e^ compositions show the same essential 

features as those of Ge^e^.  Broad valence bands characteristic of 

crystalline GeSe,, and GeSe are the result of two phases. These valence 

level spectra appear to be a mixture of the valence levels of the elemental 

end members Ge and Se. 

Amorphous Ge^^Se^^ has a valence level structure that is entirely 

different from the valence level structures of amorphous GeSe,, and GeSe. 

The two s-like levels, located at 9.5 eV and 8.1 eV, probably arise due 

to the complete filling of the 4s levels of Ge and Se while the broad 

structure near the zero of binding energy is the result of partially 

filled 4p levels. 

The very sharp valence level doublet in elemental selenium is suprising 

in terms of the amorphous films of Ge, Si and carbon.  However, the structure 

of amorphous selenium is known to be polymer like octagonal ringsf26) Appar- 

ently the well defined molecular structure of amorphous Se is the result of 

strong covalent bands that retain sharp definition in the valence electron 

structure. A similar molecular approach would explain the sharp valence 

level structure seen in amorphous Ge^e^ and Ge^e^ alloys.  Such a struc- 

tural model, proposed by Bienenstack(25)> suggests that  araorphous films of ^ 

GeSe and GeTe have a modified black phosphorous structure in which tetra- 

hedral units are arranged in layered chains. The intrachain bonds are 

strong and covalent while interchain bonding is a weaker Van der Wall force. 

i^^ui-'^-,si^i.'..,i^.M|t »...i^d.~ilA..:-j.rl».»>^«-W:^ 
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Amorphous AsTe, like 66^3863^3, has S-like valence levels located 

at 10.0 eV and 8.5 eV. It is thought that these S-like levels are the 

result of completely filling the 4s levels, through a sharing of electrons. 

AsTe like GeTe and Ge^ gSe^ ,. has an electronic structure that indicates 

that the atomic structure in the amorphous film is very different from the 

atomic structure of the crystal. 

Summary 

The spectroscopic data, summarized in Table I, coupled with electrical 

conductivity data, shows tnac the electrical behavior and electronic structure 

of amorphous films is very different from crystals of the same composition. 

The differences in electrical conductivity of the amorphous and crystalline 

forms of Ge and Si are related to structural defects while the changes in 

GexTei-x and GexSll-x all0yS are the result of a different band type. 

 , 1 ij     ■' ■ ■ ■-   ■'- ■■ "-■■■■■ ■'--■■•- ■inamiMnriiTillnri- in     ■ i  mitmm 1 a ■ ^; itjjili liijii jiil ■ i n iiMiiiiiAtirliiiiiiBiii^lili'iiiirltiiiiiir-^^''"» •■— 
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