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Abstract 

This semiannual report contains copies of papers to 

be published in the proceedings of the Fourth International 

Conference on Amorphous and Liquid Semiconductors.  The 

first reports measurements on the thermal properties of 

germanium selenides using differential thermal analysis; 

the second describes changes in local atomic order in thin 

films of composition GeTe, produced by deposition conditions 

and heat treatment; the third paper summarizes work on the 

effect of microstructure on the radiation sensitivity of 

semiconducting glasses.  Also included is a discussion of 

the structure of amorphous Ge Se,  films and their response 

to heat treatment. This work has been accepted by the Uni- 

versity of Florida as partial fulfillment of the require- 

ments of the M.S. degree of Mr. B. Molnar. 
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Abstract 

Bulk samples of Ge-Se, Ge-Se-As, Ge-Te, Ge-Te-As and 

Se-Te-As have been prepared by quenching from the melt.  Den- 

sities and degree of crystallinity have been measured.  Scan- 

ning electron micrographs of glassy GeSe  (1.5 ^ x 4  6) and 

GeSe, 33Aso 33 show no evidence of gross diphasic structure. 

Bulk GeSe, GeSe- and GeSe. have been flash evaporated to form 

thin films; x-ray fluorescence analyses give film compositions 

of GeSe0 -, GeSe, 6 and GeSe2 A,  respectively.  Crystallization 

temperatures of glassy GeSe, 5, GeSe2 4, GeSe, and GeSe. as 

determined by thermal analysis are reported.  Crystallization 

of amorphous GeSe, - as a function of heat treatment at 450oC 

has been determined. 
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The present report describes one aspect of a comprehensive 

study of the germanium chalcogenides underway in this labora- 

tory.  A few relatively simple compositions have been chosen 

for examination in an attempt to relate physical properties to 

the method of preparation.  Furthermore, it was hoped that in- 

formation gained on these simpler compositions would lead to a 

better understanding of the structural changes which occur upon 

switching in the more complex materials. 

Three to seven gram mixtures of the appropriate elements 

of four nines purity or better were sealed in 11 mm O.D. evacu- 

ated silica ampoules, heated with periodic agitation from 24 to 

48 hours and then quenched in an ice-salt water mixture. 

Table I gives the results of density measurements and pow- 

der x-ray diffraction determinations of crystallinity of some 

compositions in the Ge-Se-Te-As system.  As can be seen, in the 

case of Ge-Se-As all compositions of 60 atomic percent Se or 

greater are x-ray amorphous for the quenching rates of this 

study.  This compares with the smaller glass formation region 

of 70 to 100 atomic percent Se for the Ge-Se system as reported 

by Chun-hua et al. ^ ^ and by Khar'yuzov and Evstropiev. ^ ■' 

With the exception of GeSe, - the densities show a consistent 

trend toward higher values for increasing amounts of Se and As. 

The value of 4.25 g/cm for glassy GeSe2 compares with the lit- 

erature value of 4.68 g/cm K J   for the crystalline form of the 

same material. 

Also presented in Table I are data on the Ge-Te-As and 

Se-Te-As systems.  With the exception of GeTe, there is a 
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Table I 

Composition, Density and Structure of Bulk 
Water-Quenched Material in the 

Ge-Se-Te-As System 

Composition 
Density 

(g/cms at 250C) Structure* 

5.39±0.03 X 

4.36 A 

4.25 A 
4.24 A 

4.27 A 

4.29 A 

4.32 A 

4.31 A 

4.33 A 

4.36 A 
4.32 A 

5.65 X 
6.14 X 

5.83 X 

5.90 - 

5.90 X 
5.75 X 

6.13 X 
-- A 

4.83 A 

4.30 A 
5.27 A 
6.16 X 

GeSe 

GeSe 

GeSe. 
1.5 

GeSe1.95As0.05 
GeSe 

GeSe, 
2.4 

GeSe2.9As0.1 
GeSe 

GeSe 
3.5 

GeSe5.33As0.33 
GeSe. 

Ge^Te 

CeTe 

GeTe- 
GeTe, 

X t 

GeTe- 
95As0 .05 

GeTe2 9AS0. 01 
GeTe4 
GeTe5.33As0.33 
GeSe0.98Te0.98As0.04 

AsSe3 
AsSeTe, 

AsTe, 

*X - crystalline 
A - amorphous 
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rather consistent trend toward greater density with increasing 

amounts of tellurium. The oulk quenched samples of Ge-Te were 

found to be crystalline as has been reported previously in the 

literature.(4'5) 

Table II shows the results of x-ray fluorescence deter- 

minations of composition of several thin films of GeSe pre- 

pared by conventional flash evaporation techniques from bulk 

glasses. As can be seen, the filmr (thickness  1,000 X) are 

consistently deficient in selenium as compared with the bulk 

material from which they were made. Several explanations are 

possible, among them that selenium re-evaporates preferentially 

from the glass substrates during the initial stages of evapora- 

tion. Although the temperature of the films was not measured 

during evaporation, it is believed that they did not rise ap- 

preciably above room temperature since the glass substrates on 

which they were deposited were tightly clamped to a water- 

cooled metal block. An alternative explanation is that the 

selenium vapor beam is less focussed than that of Ce and thus 

deposits in smaller concentrations in the substrates. The angu- 

lar distribution studies required to verify this possibility 

have not been completed.  In all cases the films were x-ray 

amorphous and showed no signs of gross structure in the trans- 

mission electron microscope. 

Bulk amorphous samples, with compositions GeSe. ., GeSe., 

GeSe^, GeSe^ and GeSe5 33
Aso 3 were examined in"a Cambridge 

Stereoscan Electron Microscope for evidence of structure; at 

magnifications of up to 5,000X all these materials appeared 



Table II 

Comparison of Compositions of Bulk GcSe 
and Thin Films Prepared from Them : 

Composition Composition 
of Bulk of Film Structure* 

GeSe GeSe A 

GeSe2 GeSe, , A 

GeSe4 GeSe- * A 

*A - amorphous 

8 
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homogeneous.  Figure 1 shows a typical electron micrograph at 

1,400X, in this case for GeSe.. 

The thermal behavior of the Ge-Se system in the glass 

formation region was investigated by Direct Calorimetric Analy- 

sis (DCA) ^ •' using an Orton Thermal Analyzer.  Two to three 

gram samples of amorphous bulk material of compositions GeSe, r, 

GeSe» A,  GeSe- and GeSe. were powdered and placed in small sili- 

ca crucibles in the apparatus.  Heating rates of one to two de- 

grees per minute were employed to raise the temperature of the 

sample from room temperature to about 700oC.  The system was 

maintained at all times under an atmosphere of purified argon. 

Thermal analysis of bulk noncrystalline material with composi- 

tions GeSe, c» GeSe2 4 and GeSe- gave traces showing slow exo- 

thermic transitions which were interpreted to be due to crystal- 

lization of the amorphous samples.  GeSe. showed no transitions 

whatsoever in the DCA curves.  X-ray analysis of a portion of 

the GeSe. at the conclusion of a run showed it still to be 

amorphous.  Figure 2 shows the data obtained in these experi- 

ments superimposed on part of the Ge-Se phase diagram.  This 

particular diagram is a composite of those published by several 

workers.*- '7"y-'  Dembovskii and coworkers*- -' have reported 

that the ability of the Ge-Se glasses to crystallize falls as 

Se content increases and reaches a minimum at 92 atomic percent 

Se. The present results are consistent with this finding. 

X-ray powder diffraction traces of GeSe, - heat treated 

at 450oC for varying lengths of time in sealed evacuated am- 

poules showed sharp peaks for heat treatments in excess of 10 



minutes. The patterns were indexed and Se was found to be the 

predominant crystallizing species. Se was also observed to be 

the crystallizing species in Ge-Se glasses of higher selenium 

concentration as reported by Dembovskii et al. ; *■ •' Takemori, 

f 41 Roy and McCarthy^ '   find that Te is the species which crystal- 

lizes from the analogous Ge-Te glass system.  Thin film crystal- 

lization studies of Ge-Se by Dove, Chang and Molnar*- *   also 

show selenium to be the crystallizing species.  Figure 3 shows 

the relative area under the selenium 101 peak as a function of 

heat treatment time, giving a curve proportional to V , the 

volume of crystallites.  It is seen that GeSe, r essentially is 

fully crystallized after 60 minutes at 450oC. These results 

corroborate nicely the slow transitions observed in the DCA 

traces. 

Application of a simple Scherrer treatment'- •' to the pre- 

vious data gives the size of the crystallites that form as a 

function of heat treatment. These results also are shown in 

Figure 3. The close similarity in the two curves of Figure 3 

shows that at this level crystallization is largely controlled 

by crystal growth and not by simultaneous nucleation and crys- 

tallization.  A more rigorous Line Profile Analysis is presently 

underway as is the extension of the crystallization experiments 

to other temperatures and to other compositions in the Ge-Se 

system. 

The results presented here pose an interesting contrast 

to the data of Takemori, Roy and McCarthy'- '   on the Ge-Te system. 

They found that the glass formation region in Ge-Te is much 

10 
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narrower than that for Ge-Se reported here; furthermore, crys- 

tallization in the Ge-Te system occurs at much lower tempera- 

tures than for Ge-Se.  In both cases the chalcogenide constitu- 

ent crystallizes preferentially.  Ge-Se does not show the gross 

diphasic structure as has been reported for germanium-tellurium. 

In the Ge-Se system the crystallization temperature increases 

with increasing Se concentration, while in Ge-Te it is reported 

to peak and then decrease with increasing Te. * 

It has been found that films of germanium-selenium and 

germanium-tellurium show similar structural features.  ' How- 

ever, this study has shown that the crystallization kinetics 

of the two systems are markedly different and these differences 

must be considered in any potential use of materials in the 

Ge-Se system. 

11 
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Figure Captions 

Figure 1 - Scanning electron micrograph of GeSe- at 1,400X. 

Figure 2 - Crystallization emperatures of Ge-Se as determined 

by Direct Calorimetric Analysis. 

Figure 3 - Relative area of characteristic x-ray peak for 

crystallizing GeSe, _ as a function of heat treat- 

ment time (triangles, left scale).  Size of crystal- 

lites of GeSe, 5 as a function of heat treatment 

time (circles, right scale). 

13 
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LOCAL ORDER AND MICROSTRUCTURE OF GERMANIUM 

CHALCOGENIDE FILMS 

by 

D. B. Dove, J. Chang and B. Molnar 

Department of Metallurgical and Materials Engineering 
University of Florida, Gainesville, Florida 32601 

Amorphous films of nominal composition GeTe» have been observed by energy 
filtered electron diffraction and by electron microscopy. The diffracted 
intensity curves may vary from region to region within a film and changes 
may be brought about by electron beam heating, giving rise to observable 
changes in the radial distribution functions. Gross features are not 
apparent in the electron micrographs and glassy phase separation if it 
exists in these films must be restricted to a very fine scale (20 A or 
less). Similar effects have been observed in a variety of other tellurlde 
and also selenide films. 

17 



1.  INTRODUCTION 

The systems Ge Te,  and Ge Se,  are characterized by their 
X   .L"X X   i—X 

ability to form glasses when chalcogen rich compositions are quenched 

from the melt; films formed by vapor deposition however are amorphous over 

almost the entire compositional range when formed on substrates at room 

temperature. Previous work on telluride films by Bienenstock and 

12 3 A 
collaborators, ' and others, ' has shown that structural models in 

which Ge and Te possess four fold and two fold valencies respectively are 

consistent with the experimental radial distribution functions (rdfs). 

Mikolaichuk and Kolgut on the other hand report the local order of 

amorphous GeTe and GeSe films to correspond to the crystalline compounds 

in which nearest neighbor distances are expanded and an average coordination 

as high as 6 applies. 

In the present work electron diffraction and electron microscopic 

observations on films of (nominal) composition GeTe™ are described. This 

is part of a systematic study of films of a variety of compositions including 

GeSe, GeSe,, GeSe,, GeTe, GeTe-, and GeTe, that will be reported more fully 

at a later date. 

2.  EXPERIMENTAL PROCEDURES 

Thin, 200 A, amorphous films were prepared in a vacuum of 10 

—6 
to 10  torr by flash evaporation of finely powdered bulk GeTe« onto 

substrates of mica and rock salt held at room temperature. The films were 

floated off of the substrates under water and were picked up on 1000 line 

copper mesh for examination by electron diffraction and electron microscopy. 

The electron diffraction system employs electronic recording and an 

electrostatic filter to remove inelastically scattered electrons. ' 

18 



3. Results 

Radial Distribution Analysis 

Figure 1 shows curves of intensity of elastically scattered 

electrons versus scattering parameter s, where s * 2 sin 0/A, 26 is 

the angular deviation of the electron beam and X is the effective 

electron wavelength.  Curves a, b and c were obtained from different 

regions of a GeTe- film. Curve a is similar to those reported previously 

for GeTe and for Ge Te,  films generally.  It was found that the above 

films were quite sensitive to exposure to the electron beam In the 

diffractometer and it was necessary to keep the beam to very low intensity 

to avoid changes in the films. The effect of the beam was to change 

the curve from a particular region in the sequence a to b to c. The 

reverse process was never observed.  In the diffractometer the current 

density at the specimen is several orders of magnitude smaller than in 

the electron microscope; however, approximately half of the beam energy 

(45 kv, % IpA) is absorbed in the support mesh and some small heating of 

the specimens must occur. Experiments with molybdenum mesh are in 

progress to examine the possibility of systematic effects that may be 

correlated with mesh material. 

The intensity curves were run to beyond s s 2.2 and were 

numerically analyzed to obtain the rdfs shown in Fig. 2. The curves were 

smoothed at low r values by a procedure described by Kaplow and 

g 
collaborators but extrapolation of data to high s values was not carried 

out. The peaks of the rdfs shown are broadened by the finite data range 

employed, and the symbolp (r) is employed to indicate that deconvolution 

to obtain true peak widths for the distributions has not been carried out. 

19 



The nearest neighbor distance obtained from p (r) curves was 2.55 A 

for curve a increasing to 2.65 Ä for curve c. Area under the first peak 

of the rdf curve ATIT p (r) increased from 2.3 to 3.7 and an extra peak 

overlapping the primary peak appears at approximately 3.0 A. It is to be 

emphasized that this represents a very general trend that has been observed 

in both telluride and selenide films of various compositions, the numerical 

values varying of course from case to case. In films of GeSe. , the 

nearest neighbor distance shifts from 2.37 to 2.47 A and peak area grew 

from 2.3 to 3.0 for a similar sequence of curves. An extra peak overlapping 

the first peak could be found at approximately 2.9 A: 

Electron Microscopy 

Examination of the films by mlcrobcopy has shown them to be 

devoid of gross features or the evident phase separation noted in bulk glasses 

9 
by Roy and collaborators.  At the highest magnification some fine mottled 

contrast can typically be seen and inhomogeneities on a 20 A scale cannot 

be ruled out. Occasionally a few small crystallites could be found in the 

as deposited films although peaks were not apparent in the diffraction 

patterns. On a '-are occasion a film was obtained in which a glassy 

mlcrostructure could be discerned, which gave no special contrast in 

dark field pictures. The diffraction pattern was essentially as obtained 

for featureless films, i.e. as shown by curve a in Fig. 1 

A. Discussion 

The diffraction curves show chat structural changes may be 

brought about in the amorphous chalcogcnide films by both deposition 

conditions and exposure to electron beam heating. The effect seems 

to occur in both selenide and telluride films and is not restricted to 

20 



the GcTt< films described here.  Induced changes appear to be Irreversible, 

do not give rise to features easily observable in the electron microscope, 

and occur prior to the detection of a crystalline phase. The intensity 

curve labeled a appears to be most characteristic of untreated films and 

is similar to the results of the previous observations refered to above. 

The first peak in the rdf is taken to be a superposition of Ge-Te, Ge-Ge 

and Tc-Te interatomic distances estimated at 2.54, 2.AA, and 2.64 A respectively 

from Pauling's tetrahedral covalenr radii,  in reasonable agreement with the 

experimental mean distance.  The area under the peak consists of the sum of 

the coordinaticM numbers appropriate to these bonds weighted by factors 

2    ^. 2      2 2 
f_ f^, /F , f„ It    and f_ /F where f„ ,f_ arc the electron atomic 
ue ie     oe        le be  ie 

2 2 
scattering amplitudes at s •» 0, F ■ (xfr + (l-x)f_ ) , and x Is the atomic 

fraction of Ge. The area under the peak is then readily estimated for widely 

varying models such as complete Imraixibility, random and ordered mixing. 

The result is that the expected area varies only slightly from a value of 

2.3 providing 4 fold and 2 fold valencies are assumed f.r Ge and Te 

respectively.  A glassy phase separation in which the 4 and 2 coordination 

numbers are conserved would therefore produce little change In the area 

of the first peak of the rdf but could possibly give rise to changes in 

•:ner peaks.  Interpretation of higher order peaks in the rdf is rendered 

difficult by the variety of interatomic separations that may arise when 

variations in bond angles may occur. 

The changes observed in the rdfs in the present work are suggestive 

of structural effects involving a change in bond type.  The additional peak 

at 3.0 corresponds to the Ge-Te interatomic distance in the high temperature 

phase of GeTe, although it has not been established that microcrystallltes 

21 



of GeTe have formed in the films at this stage, while the change in first 

peak area may indicate a departure from A and 2 fold coordinations. The 

implications of the present results for the structure of amorphous 

chalcogenide films will be discussed at a later date. 
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FIGURE CAPTIONS 

Fig. 1 Curves a, b and c are intensity profiles along a radius 
of the diffuse diffraction patterns from different regions 
of a flash evaporated GeTe2 film.  Inelastic background 
has been removed experimentally. Intensity zero has been 
shifted vertically for clarity. 

Fig. 2 Curves a, b and c are atomic radial distributions obtained 
from the corresponding curves of Fig. 1. The primep '(r) 
indicates that the peaks are termination broadened and do 
not reflect the actual widths appropriate to the films. 

2^ 
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EFFECTS OF MICROSTRUCTURE ON THE 
RADIATION STABILITY OF AMORPHOUS SEMICONDUCTORS 

By 

L. L. Bench, A. E. Clark and H. F. Schaake 

Introduction 

Because of the structural randomness of amorphous semi- 

conductors they offer the promise of radiation insensitive 

electronic properties.  Studies have demonstrated that there 

is only minor alteration of the electrical properties of non- 

crystalline V205~P205 an<* K20~V20S~I>20S amorphous semiconduc- 

tors at fast neutron fluences of 4 x 10   nvt and Y~ray dosages 

of 1.2 x 108 rads.(1,2) 

(2 3) However, it has been shown for both oxide  '   and chal- 
(4 5) 

cogenide  '   amorphous semiconductors that structural hetero- 

geneities are present in many compositional systems.  The data 

indicate that heterogeneities result from:  1) microcrystalli- 

zation during quenching of bulk or thin films; 2) glass-glass 

phase separation; 3) nucleation and growth of crystals from a 

glassy phase; and 4) compositional fluctuations.  Can such 

structural heterogeneities influence the radiation sensitivity 
(6-9 ^ of these materials?  Several recent reports      show chalcog- 

enide thin film switching devices, which contain filamentary 
16     2 heterogeneities, are stable up to fluences of 10   n/cm  and 

3.3 x 10  R of fission Y~rays'  However, heterogeneous vanadia 

-1- 27 
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based amorphous semiconductors In bulk form exhibit marked 

changes In electronic behavior at fluences of 1 x 10   nvt and 
(2,10) above.x 

Consequently, one objective of the present paper is to 

extend the range of the previous work by reporting the extent 

of radiation sensitivity of a 33 mole % KPO , 67 mole % V 0. 

glass when crystallized to a large volume fraction, -0.4. 

Secondly, a basis for selecting compositions for improved ir- 

radiation stability is suggested. 

Experimental Procedure 

(2) 

The glasses were melted in air in Ft and melt cast at 

900oC into graphite molds.  The 1.8 cm diameter discs were 

heat treated at 2880C for 30.8 hours in air after polishing. 
(2 11 12) Previous studies  *  'of thermal treatment of glasses in 

the K^O-P^Oc-V-G,. system have shown that a 90 A phase separa- 

tion is enhanced by a thermal treatment for 1/2 hour at 2880C. 

The matrix appears to order during heating with the D.C. con- 

ductivity Increasing by 10 .  Longer treatments at 2880C result 

in the precipitation of P_0 -2(V-0[.) crystallites until at 

30.8 hours -0,4 volume fraction of crystals are present.  D.C. 

conductivity increases during this process to a 250C value of 
-3-1-1 

5 x 10   ohm  cm  .  Evaporated double guard ring gold elec- 

trodes were annealed at 150oC for 1/2 hour.  Measurements were 
(13) made as described elsewhere. 

Irradiation was done in the Wright-Patterson Air Force 

Base test reactor having a fast neutron flux capability of 
13     2 

1.5 x 10   n/cm  (>0.1 meV).  Cadmium wrapping protected the 

gold electrodes.  The sample temperature was maintained near 

50e,C during the run.  Samples held at 50oC without radiation 

showed no property changes. 

Results 

The conductivity frequency dependence at 250C of the 

288oC/30.8 hour sample is shown in Fig. 1 before and after 
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cumulative exposures of 1.0 x 10   nvt and 2.1 x 10   nvt. 

The total conductivity first increases with nvt and then de- 

creases.  The conductivity increase is similar to that seen in 
(12) 

the quenched and heat treated glasses previously studied.  * 

The decrease in o    at higher nvt was also observed in the 

288oC/0.5 hour glasses at nvt >2 x 1017.(11) 

The A.C. conductivity, o.pCu) a    (u>) - a • before and meas       a 
after irradiation is shown to be a function of u  in Fig. 2. 

o.r of the multiphase material is considered to be the average 

of the A.C. conductivities of the phases and a  is defined as 

shown in Fig. 1.  There is no detectable u 0.8 conductivity in 
17 2 

any samples.  A fluence of 1 x 10   nvt causes the u  conduc- 

tivity to increase by a factor of 2.  Further radiation to 
17 2 ' 

2.1 x 10   results in no change in the u  conductivity, but 
1. 3 

does introduce a new low frequency dependence of u   .  The 

behavior of o  is as follows: 
o 

Pre-irradiation 

1 x 1017 nvt 

2.1 x 1017 nvt 

i o   i«13  . -1  -1 a     " 5.2 x 10   ohm  cm o 
-3    -1  -1 

a     - 6.8 x 10 " ohm  cm o 
-3    -1  -1 

a  ■ 5.9 x 10   ohm  cm o 

The loss angle of the material is greatly increased with 

0   nvt, as shown in Fig. 3.  After 2.1 i 

loss peak appears in the tan6-frequency plot. 

1 x 10   nvt, as shown in Fig. 3.  After 2.1 x 10   a large 

Discussion 

The results show that fast neutron irradiation affects: 

1) oDC magnitude, 2) o.p-u dependence, and 3) tanö peaks.  The 

increases in onr may be attributed to an increase in mobile 

carrier concentration due to y-ray ionization processes.  As 
(1) 8 shown    Y"ray dosages of 1.2 x 10  rads produce a 15%   increase 

in oDC in V-Oe-P-O- glasses.  A disordering of the glass ma- 

trix, reversing the thermal treatment effects, is proposed for 

the conductivity decrease after 2.1 x 10   nvt.  The matrix 

?q 
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dlsorderlng would isolate high conductivity crystallites pro- 

viding barriers suitable for Maxwell-Wagner-Willars (MWS) 

peaks which appear at 2.1 x 10   nvt. 

Explanations for the variations in w dependence are more 

speculative.  Localized state pairs may be present in the 
2 

heterogeneous material which would result in an u)  dependence 
(14) 

via adiabatic hopping.      The irradiation may produce a suf- 

ficient redistribution of nearest neighbors, as reported for 

fused silica     that a complex a   '      behavior produced.  It is 

also possible that excess carrier generation or other effects 

could produce an electrode barrier behavior altering the 

dependence. 

The nvt threshold for degradation of electrical properties 

related to heterogeneities is plotted as a function of soften- 

ing point* for heterogeneous K.O-V.O.-P.0  and Li-0-2SiO 
(19  16) £■ 4     J        t    J t. I 

glasses   *    in Fig. 4.  In both systems the onset of changes 

in the MWS loss peaks is tahen as nvt threshold.  The threshold 

for significant structural change of fused silica and crystal- 

line quartz is used for the SiO  data point     since partially 

devitrifled SiO. has not been studied. 

Figure A shows that as the softening point increases the 

threshold for damage to heterogeneities increases.  This is 

reasonable since the softening point is related to the magni- 

tude of bond ene.gies in the material.  Thus a larger cumula- 

tive number of events is requires to damage the boundaries 

and crystallites of higher bond energy materials. 

Extrapolation of the plot in Fig. 4 indicates that damage 

to ordered heterogeneities in chalcogenidr systems, e.g., on- 

state filaments, may occur at >5 x 10   nvt.  The higher 

threshold for glasses with larger crystallites     indicates 

that the damage threshold of devices may be increased as the 

on-state filament diameter is increased.  The correlation 

^Although other criteria might be used for comparison, e.g., 
Tx, ''g, Tm, an advantage of the softcninp point Is that It is 
sensitive to previous thermal history and heterogeneities In 
the material. 
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shown In Flg. 4 suggests that another way to Improve radiation 

tolerance is to increase the softening points of amorphous 

semiconductors by compositional modification. 
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Figure Captions 

1 Effect of fast neutron Irradiation on the total conduc- 

tivity of a 33 mole % K-PO- - 67 mole % P-CK glass pre- 

viously heat treated for 30.8 hours at 2880C. 

2 Change in A.C. conductivity of a heat treated vanadia- 

phosphate glass with fast neutron irradiation. 

3 Influence of fast neutron irradiation on the loss tangent 

of a partially crystallized vanadia-phosphate glass. 

4 A correlation between the dilatometric softening point 

of glasses with the threshold fluence for fast neutron 

structural changes. 
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Abstract of Thesis Presented to the Graduate Council of the 
University of Florida in Partial Fulfillment of the Require- 

ments for the Degree of Master of Science in Engineering 

STRUCTURE OF AMORPHOUS Ge-Se THIN FILMS 

By 

Bernard J. Molnar 

August, 1971 

Chairman:  Dr. D. B. Dove 
Major Department: Metallurgical and Materials Engineering 

The intensity profiles across the electron diffraction 

patterns of amorphous thin films of GOSOQ - and GeSe2 * 

have been directly recorded with electrostatic rejection 

of inelastically scattered electrons.  Radial distribution 

analysis of the GOSOQ - intensity curves indicates that the 

local aton.ic order of these films differs from the dis- 

torted rocksalt structure of bulk crystalline GeSe.  Radial 

distribution studies also indicate a change in the structure 

of GeSeQ 7 and GeSe2 A   films as they are heated with an 

electron beam. A tentative model is presented in which 

these structural changes are explained in terms of a separa- 

tion of the film microstructure into several amorphous 

phases. 
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CHAPTER I 

INTRODUCTION 

During the last few years there has been a greatly 

increased research effort directed toward the study of 

both the structure and the optical, electronic, and thermal 

properties of amorphous solids.  The term "amorphous" solid 

is used to designate any solid which lacks both the long- 

range atomic order of a crystalline material and the short- 

time fluidity of a liquid.^- ■'  One general class of amor- 

phous solids consists of those materials which assume a dis- 

ordered structure when rapidly cooled from their high-tem- 

perature liquid or gaseous state.  At high enough cooling 

rates atomic motions are restricted and the ordering re- 

quired to form a crystalline phase does not take place. 

The chalcogenide glasses and the amorphous thin films made 

from these glasses compose one group of amorphous solids of 

current research interest. The chalcogenide glasses con- 

sist of a combination of one or more of the chalcogen ele- 

ments selenium, tellurium, and sulfur, with one or more of 

the Group IV or Group V elements such as germanium, bismuth, 

arsenic, silicon, phosphorous, and antimony. "Certain thin- 

film chalcogenides have already found successful use as 

infrared photodetectors^ ' and solid-state switches.*- ■' 

^0 



Although no long-range atomic order exists in amorphous 

thin films, some degree of shor^-range (local) order is 

present.  Such films also show at least some microstructural 

features when observed by high resolution electron micros- 

copy.  Many amorphous chalcogenides, e.g., ASjS,, f  possess 

a local order which is the same as that found in their crys- 

talline state.  Some mcterials, however, such as GeTe, * 

possess a local order in the amorphous state which differs 

from that found in the crystalline.  Electron transport the- 

ories postulated for amorphous solids often assume perfect 

short-range order, and then proceed to introduce the per- 

turbation on the band structure caused by the presence of 

long-range disorder.'- '  It is therefore of fundamental in- 

terest to determine the specific local order present in 

chalcogenide thin films and to ascertain whether the dis- 

order in these films is spatially homogeneous or whether 

density and/or composition fluctuations are present. 

One method which can be used to obtain information re- 

garding the local order in amorphous films is the analysis 

.of the diffuse electron or x-ray diffraction patterns of 

these films.  Transmission electron diffraction patterns 

of amorphous films consist of very diffuse concentric rings 

(or halos), as opposed to the very sharp rings found in the 

diffraction patterns of crystalline films.  By measuring 

the intensity profile along a radius of the diffuse ring 

pattern, an interference function may be obtained.  In the 

U1 



case of thin films of a single element, a numerical Fourier 

transform of this interlerence function yields a measure of 

the radial distribution function (RDF), which provides a 

spectrum of prominent interatomic distances in the specimen 

in addition to an estimate of the atoric coordination number. 

In the case of thin films of materials composed of more than 

one element, the transform of the interference function 

yields a sum of convolution products, each of which consists 

of a component of the RDF convoluted with a component of a 

quantity whiöh is a function of the scattering factors of 

the elements composing the film.  This convoluted radial 

distribution function, or CRDF, is unfortunately more diffi- 

cult to interpret than the RDF.  It is therefore most desir- 

able, when possible, to deconvolute the CRDF and find the 

components of the RDF. 

The two chief purposes of the work of this thesis were 

to examine the CRDF's and microstructure of vapor-deposited 

Ge-Se thin films of two different compositions in order to 

1) obtain information about the local atomic order in amor- 

phous Ge-Se films, and 2) investigate any structural changes 

which occur in these films when they are heated with an elec- 

tron beam.  A direct recording scanning electron diffraction 

system which can reject inelastically scattered electrons 

was used to obtain the electron diffraction data.  This 

data was computer processed to yield the CRDF's.  Transmis- 

sion electron microscopy was employed to examine the micro- 

structure of these films. 
i)2 



In the following chapter the theory of electron scat- 

tering from amorphous binary thin films is presented and 

the origin and significance of the RDF and CRDF is examined. 

In Chapter III the experimental procedures and apparatus are 

described.  The experimental results are presented in Chap- 

ter IV. An analysis of the CRDF's and a discussion of the 

experimental results comprise Chapters V and VI, respectively. 

The conclusions and suggestions for future work are presented 

in Chapter VII. 
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CHAPTER II 

ELECTRON DIFFRACTION THEORY AND 
ORIGIN OF THE RDF 

The theoretical foundation for the understanding of 

diffraction from disordered materials was laid by Debye,^ ' 

Debye and Menke, ^ •' and Zernike and Prins in their analysis 

of diffraction by gases and liquids.v '. Detailed discus- 

sions of scattering from amorphous materials may be found 

in several modern sources, such as the texts by uinier*- ' 

and Warren. ^ ■' 

A Fourier transform of the interference function ob- 

tained from the diffraction pattern of an elemental amor- 

phous material will yield a measure of the radial distribu- 

tion function (RDF) of the material.  The RDF provides a 

spectrum of characteristic bond lengths in the material in 

addition to an estimate of the number of atoms surrounding 

a randomly-selected reference atom. 

It has been pointed out by Pings and Waser^ J and by 

Dove^ J that the diffraction intensity data from amorphous 

materials composed of more than one element may be analyzed 

using the same Fourier transform techniques employed in the 

single element case, without making simplifying assumptions 

regarding the scattering factors of the elements. The 
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discussion of the RDF analysis of amorphous binary thin 

films which follows in this chapter is an elaboration on 

Dove's presentation. 

Consider a regicn of a thin film of material consisting 

of an array of N atoms located at positions r,, r,. ... r 

with respect to an arbitrary origin, and having the respec- 

tive atomic scattering factors f,, f-, ... f .  If a beam of 

parallel monochromatic electrons is directed onto these N 

atoms, the electrons will be scattered by the varying elec- 

trostatic potential set up by the positively charged atomic 

nuclei and their negatively charged electron clouds.  Let 

S and S be unit vectors directed along the incident beam 

and along the direction of observation respectively as shown 

in Fig. 1.  The intensity of coherent radiation scattered in 

a direction parallel to S is given by 

N   7   N  N 
I(s) ■ £ f/.+ Z  E f f exp(2Tiis-r )  (2.1) 

j=l  J    p=l q=l v  H "   "r* 

Khcre  s = Y^ and  s = N = ^l— 
r  ■ vector from atom p to atom q 
~pq H      M 

X = wavelength of incident and scattered radiation 

29 = angle of deflection of electron beam 

When dealing with amorphous materials the assumption 

is often made that any given atomic separation.r  = lr ! ' ö r        pq   '~pq 

occurs with equal probability in all directions.  In this 

case, Fq. (2.1) may be averaged over all orientations to 

l.q 



INCIDENT BEAM 

5. 

THIN! FILM 
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Figure 1.  Definition of unit vectors S and S and 
scattering angle 26. 



give the Debye Equation; 

N   9   N  N      sin(2Trsr ) 
Ks) =  E  £ Z +  E   Z  £ f   u  r    Pq    (2.2) 

j=l  J   p=l q=l  P ^   ^Srpq 

Consider the binary compound AB.  Let x, = in/(m+nj 

and X2 "  n/(m+n) repi'esent the atomic £ractions o£ elements 

A and B, where subscript "1" designates A-type atoms and 

"2" designates B-type atoms.  Let £, and f- be the electron 

scattering factors for these elements.  We may now define 

the following terms: 

p   = density of atoms in A B„ Ko m n 

p-,   = mean density of A-type atoms = x^p 

Pj       =  mean density of B-type atoms = X2P 
2 

4-iTr p12(r)dr = number of B-type atoms in the 
spherical shell between r and 
r+dr surrounding a randomly- 
selected A-type atom [similar 
definitions follow for p-j^Cr), 
P22fr) and .p2iC

r)l • 

2   2 
(r) =11    x.p..(r) 

i=l j=l 1 IJ 

4TTr2p(r) - Radial Distribution Function (.RDF). 

Using the above definitions and considering only two' 

element materials, Eq. (2.2) may be rewritten as 

2     2 I(s) = N  E  x.f/ 
j-l  J 3 

2        2 
x,    t       t r  r     z-00  1     2 r       /••.-..- 1   sin(27rsr)dr + N .\   .\ xififj fo 4lir IPijCO-Pj-Pjl —^sr 

(2.3) 
^7  • 



The term •(+'p.) included within the integral in Eq. (2.3) 

arises from the small angle scattering contribution to the 

diffracted intensity.  Since this contribution is usually 

lost in the edge of the undeflected beam and is hence un- 

observable, the ( + ff.) term will be omitted in all following 

expressions. <- 

Equation (2.3) can be expanded to give 

I(s) • Nlx^2^2] + Nx^
2 I'0  4.r

2[p11(r)-p1l 
Si^fr

Sr) dr 

*NV2f1/;4,r
2tP21(r)-Pl)5ini|Hrldr 

* NV2
2 /; ^[^(r)-?,]  5^|l5lldr C2.4) 

2 
Let  f    be a normalization  function,   typically chosen 

to be 

f2  =   (x1f1  + x2f2)
2     . (2.5) 

By defining  i(s)   =   [ I (s)-N^f^+x^ 2
2) ]/Nf2  and" recalling 

th at p. = x.p , Eq. (2.4) may be rearranged to give 

UP 



10 

1 oo 2 
si(s)   =  -j-    f^ r[x1P11(r)-x1   po]   sin(2Trsr)dr 

flf2 —-•--    l* rlXiPioCrD-x^x-p^]   sin(2TTsr)dr ^r   -» *i"iHi2 lA2^o 

flf2 + —2-    /^ r[x2P21(r)-x2x1po]   sin(27Tsr)dr 

+ -j-    f^ r[x2P22Cr)-x2   po]   sin(2TTsr)dr (2.6) 

In practice, the experimentally-obtained intensity 

I(s) must be divided bv a normalization constant C .  Since n 
2 2 I(s) approaches f at large values of s, a plot of I(s)/f 

vs s should execute a damped oscillation about a constant 

value equal to C .  Such plots, however, are sometimes found 

to oscillate about a line with a positive slope.  This un- 
fi 4') 

desirable effect is usually attributed^ J   to the sample 

being of sufficient thickness to allow multiple scattering. 

Using a double summation, Eq. (2.6) may be rewritten as 

I       2 
si(s)   =     Z       Z    si..(s) 

i = l  j=l       1J 

2       2     f,f. 
/*'    I      I    -iJ- r[x.p. .(r)-x.x.p  ]   sin(2TTsr)dr 

i = l j-1     r :L  l;, 1 J  0 

(2.7) 

where 

sl^fs)  - /, 
fifj r[x. p. . (r)-x.x.p  1   sin(27Tsr)dr 

i  ij lyo (2.8) 

1.0 



11 

From now on, whenever the double summation symbol E£ 

is written it will be assumed that the limits of the sums 

are the same as those employed in Eq. (2.7). 

The Fourier transform of si(s) can be written as 

/" 11   si..(s) exp(2TTrs)ds (2.9) 

In order to evaluate expression (2.9), one may apply 

the Fourier Convolution Theorem to each of the terms of the 

double sum within the integral.  The Convolution Theorem may 

be stated as follows:   If X,(s) is the Fourier transform 

of Y, (r) and X2(s) is the transform of Y2(r), then 

/* X1(s)X2(s) exp(2iTSr)ds = /" Y1 (t) Y2 (r-t)dt       (2.10) 

Let's consider the term within the sum in which i = 1 

and j = 2.  In this c.^se, we may let 

flf2 
1       {t 

X2(s)   =  /" r[x1p12(r)-x1x2po] [cos(27rsr-i   sin(2TTsr) ]dr 

f.f- 
Y, (r)   =  r -t-J-  [cos(2-,Tsr) + i   sin(2TTsr) ]ds 

Y2(r)   -  r[x1p12(r)-x1x2p0] (2.11) 



■ ■   ■  .  . 
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Since  Y-CO   is   an  odd  function, 

/* Y2(r) cos(2TTsr)dr = 0. 

Since X^Cs)   is  an even  function, 

/* X1(s) sin(2Trsr)ds = 0. 

It   follows   that 

X2(s)   =   -i  /" r[x1p12Cr)-x1x2po]   sin(2TTsr)dr (2.12) 

and 

«    fl£9 
Y, (r) = / -V=- cosC2TTsr)ds (2.13) i     -  £z 

Applying the Convolution Theorem, we obtain 

oo    flf2 
/^      2     {"i  ^oo r[x1P12(r)-x:,x2p  ]sin(2TTsr)dr}  exp (2iTsr)ds 

=  I*    {/„ -^ cos(2lTts)ds}[r-t][x1P12(r-t)-x1x2po]dt 

(2.14) 

It can be seen that the left-hand side of Eq. (2.14) is 

the product uf (-i) times the Fourier transform of si12(s). 

This expression may be simplified by noting that since 

X,(s)X2(s) is an odd function, 

/* X1(s)X2(s) exp(2Trsr)ds - i /* X1(s)X2(s) sin(2TTsr)ds 

m 
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The left-hand side of Eq.   (2.11)  may therefore be 

written as 

oo      12 o» /^ —£— {/„ r [x^p, 2 (r)-X1X2PO]   sinC2TTsr)dr}   sin(27Tsr)ds 

(2.15) 

In a similar manner expres.sions using  si,,,   si22,   and 

si-i   may be obtained.     These  four expressions may then be 

added together  to  yield the  following  equation: 

/     si(s)   sin(2irsr)ds   =  2  /    si(s)   sin(2iTsr)ds 

=  2   ZZ  /"   [r-t][xipij(r-t)-xix;jpo]Qi;j(t)dt (2.16) 

f.f. 
where      Q. • (t)   =  z" -iJ- cos (2TTts)ds (2.17) 1J -oo C 

It should now be noted that in practice the upper limit 

of infinity shown for the integral in Eq. (2.16) cannot be 

realized due to th3 unfavorable signal to noise ratio which 

accompanies the diminuation of scattering intensity with 

increasing values of s.  The integral must therefore be com- 

puted from zero to some value s  .  In order to simplify 

the calculation, one may retain the upper limit of infinity 

by evaluating the integral of si(s) multiplied by a step 

function g(s) defined as follows: 

1 for -s  <s<s 
g(s) - {      . max   max (2.18) 

0 otherwise 

F? 



14 

Therefore, 

2  / max  si(s)   sinC2TTrs)ds  =  2  /" si(s)g(s)   sin(2TTrs)ds 

(2.19) 

One of the  effects  of terninating the  integral  in Eq. 

f2.19)   at  s    „is  the generation of peaks  in a plot of the v   J max       ° r        i 

terminated integral vs r which are absent in a plot of the 

unterminated integral.  These termination peaks may be re- 

duced by multiplying si(s) by a termination function of the 

form exp(-as ).  The termination effect can be still further 

reduced by the application of a method due to Kaplow. *•  ' 
2 

If we let h(s) = g(s) exp(-as ), then multiplication 

of si(s) by a termination function yields the following cor- 

rected form of Eq. (2.19): 

s 7 
2 / max si(s) expt-as^) sin(2TTrs)ds 

= 2 /" si(s)h(s) sin(2TTrs)ds (2.20) 

Equation (2.16) may be rewritten in the following cor- 

rected forn: 

s 7 
2 / max si(s)exp(-as^)sin(2TTrs)ds 

= 11  /^ [rt] xipi;j(r-t)dt 

-   11  Si  [r-t]   xixjpoHij(t)dt (2.21) 

r.7 
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» fifi where       H. . (t)- =  /„-^J-hCs)   cos(27Tts)ds (2.2Z) 

The  integral  /„  [r-t]xix.P0Hi.Ct)dt within  Eq.   (2.21) 

may be  rewritten  as   follows: 

.00 

xix.po[r /„, Hij(t)dt - f^  tH.jCt^dt] (2.23) 

Since tH..(t) is an odd function, the second integral in 

expression (2.23) is equal to zero.  The first integral is 

equal to the area under a plot of H.•(t) vs t.  Since the 

area under a curve is equal to the value of its cosine 

transform at the origin, the total area under H..(t) is 

given by fi(o)f.(o)/f2(o),  It follows that 

f. (o)f.(o) 
/- [r-t]xix.poHij(t)dt = ro0xixj  ^ (2.24) 

Summing Eq. (2.24) over i and j yields 

£'(o)       u      fA(o) 

'  fi(o)fi(o)      [x f1(o)+x2f2(o)]
2 

rp H  xx  
1 . J  = rp       2       ^•2^ 

Using the results of Eqs. (2.24) and (2.25), Eq. (2.21) may 

be rewritten as 

s 7 
2 /max si(s)cxp(-as^)sin(27Trs)ds 

[Xjf^o)^ f (o)]2 

= LI  f     [r-t]x,p,,(r-t)dt-rp,   l !    l  l 

i ij o      fz(o) 

rü ^•26) 
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If we let the convolution product of any two functions 

f(r) and F(r) be represented as f(r)*F(r), Eq. (2.26) may 

be expressed as 

2 /o
max si(s)exp(-as2)sin(2TTrs)ds 

ZZ  [rxiPij(r)*Hij(r)] - rp0 
[x1f1(o)+x2f2(o)] 

f2(o) 

Let p'Cr) and p' be defined as follows: 

p'(r)  =  r"1  EZ   [rxiPi;.(r)*Hij(r)] 

p ■   =  p Ko       ^o 

[x1f1Co)+x2f2(o)] 

£Z(o) 

(2.27) 

(2.28) 

(2.29) 

Equation (2.27) may now be rewritten as 

2 / Inax si(s)exp(-as2)sin(27Trs)ds = r[p'(r)-p^] (2.30) 

A plot of p'(r) vs r yields a series of peaks.  The 

positions of the maxima of these peaks (excluding those 

peaks due to the termination effect) correspond to the inter- 

atomic spacings in the material being analyzed. Unfortunately, 

the positions of the p'(r) vs r peaks are often slightly 

shifted due to the termination effect.  The position? of the 

peaks in a plot of r[p'(r)-p'] vs r are essentially unaffected 

by the termination effect and are often used in preference to 

the D'O") plot to determine the interatomic spacings. 

F5 " 
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Multiplying both  sides  of Eq.   (2.30)  by 4iTr yields 

STTT    /o
max si(s)exp(-as2)sin(2Trrs)ds  =  47[r2 [p'(r)-p^]   (2.31) 

Recalling our definition  of the  RDF, 

RDF  =  4TTr2  11  xipi.(r) , 

it is evident that although all of the terms of the RDF are 

present in the expression 4Trr p'tr), the rx.p..(r) terms 

are convoluted with the H.. functions.  We shall therefore 

refer to the expression 4TTr p'(r) as the CRDF, or convoluted 

radial distribution function.  Although the integral in Eq. 

(2.30) may be numerically evaluated for a series of values 

of s, one can only find the CRDF as a function of r; a de- 

convolution of each of the convolution products of the CRDF 

must be performed to obtain the RDF. 

The expression for  the CRDF can be greatly simplified 

in the case where s„  is allowed to become very large.  If max '   0 

H..(r) can be represented by a sharp peak centered at r » o 

and if rxiPi.(r) is slowly varying, then [rx^. (r) AH^. (r) ] 

covers only a small region near r = o and, for all values of 

t where H..(tJ is not zero, (r-t)x,p..(r-t) is approximately 

equal to its average value of rx.p..(r).  Therefore, in this 

case, 

rc 
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In^AtyiM^it)]  • rx^^tr) /^ »«^(Ddt 

f2(o) 
rxjpj^r) I ■ J         (2.32) 

If these approximations are made, it follows that 

4iirV(r) • 4orz IE x4oi4(r)  
1 ■ J  (2.53) 

A plot of the CRDF vs r consists of a superposition of 

peaks which are due to the interferences between the vari- 

ous atom pairs.  If expression (2.33) is employed in the 

analysis of the peaks comprising a CRDF plot, the area under 

a peak located between ^ • r and r • r^ will be given by 

Area « / ° itr1 11  [x,D44(r)  
1 , J ) dr      (2.34) 

ro 1 i3     fz(o) 

Consider, for example, the case »'here the first peak 

in a CRDF plot is due only to the interaction between A-type 

atoms.  In this case Eq. (2.34) becomes 

^(«Ox.      r' , 
Area *    * ^   / 0    4irrzpA. (r)dr -        (2.35) 

fz(o)   ro     ** 

2 
Since 4Trr pAA(r)dr gives the number of A-type atoms in the 

spherical shell between r and r+dr surroundiirg a randomly- 

selected A-type atom, the integral in Eq. (2.35) gives the 

number of A-type atoms 

57 
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located between concentric spheres of respective radii r 

and r' which have a randomly-selected A-typo atom at their 

center.  The area under the first CRDF peak in this case 

is therefore equal to the first coordination number of the 

A-type atoms multiplied by {xAfJ(o)/f
2(o)). 

If the integral in F.q. (2.31) could be evaluated out 

to infinity, one would obtain CROP peaks whose breadth was 

due only to the statistical distribution of bond lengths 

within the material and to the thermal vibrations of the 

atoms. Termination of the integral at the finite value 

s   results in a broadening of the CRDF peaks. The use of 

the termination factor exp(-as ) introduces further peak 

broadening.  In addition to these broadening factors, the 

value chosen for the film density f> will also influence '  o 

the size of each CRDF peak.  Since the area under a CRDF 

peak is quite sensitive to thc<o factors, the coordination 

numbers determined from a CRDF plot are, in general, less 

reliable than the nearest neighbor distances determined 

from a plot of 4'nr[pl (r)-p'] vs r. 

58 



CHAPTER III 

EXPERIMENTAL PROCEDURES AND APPARATUS 

Preparation of Bulk Samples and Thin Films 

Bulk samples of Ge-Se compounds of several different 

compositions were obtained from R. E. Loehman. The samples 

had been prepared by weighing the powdered elements (having 

purity 99.991 or better) into vycor tubes, sealing the tubes 

off under vacuum, and then heating the ampoules in a resis- 

tance furnace held between 890*C and 9S0oC for 18 to 24 

hours. To ensure homogeneity, the samples were agitated 

while in the furnace.  Immediately after an anpoule was re- 

moved from the furnace, it was quenched in cold water. Pieces 

of each sample were crushed into a coarse powder using a por- 

celain mortar and pestle. An agate mortar was used to grind 

the coarse powder of each sample into a finely-powdered form. 

Thin films of Se and of two of the Ge-Se samples were de- 

posited on freshly-cleaved mica substrates by flash evapora- 

tion of the respective powdered samples from a resistance- 

heated tantalum single-grain box source (Model SG-8 by R. D. 

Mathis Company). The film thicknesses were determined by a 

quartz crystal thickness monitor to be less than 350 X. 

Flash evaporation is a technique often employed for the de- 

position of films whose constituents have different vapor 
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pressures. The technique is used in order to produce a vapor 

stream whose composition is uniform and identical to that of 

the powder being evaporated. A schematic diagram of the 

evaporation apparatus is shown in Fig. 2. All evaporations 

were performed within a vacuum system (Veeco Model VE-400) 

employing a mechanical pump, a four-inch diffusion pump, and 

• cold trap.  The cold trap was filled with liquid nitrogen 

during each evaporation in order to avoid poisoning of the 

pump oils by the evaporating selenium.  After the pressure 

within the bell Jar was reduced to less than SxlO  Torr, 

sufficient current was sent through the box source to heat it 

to a temperature of 1S000C, as measured with an optical pyrom- 

eter. A shutter separating the box source from the mica sub- 

strates was then opened and the powdered material was sent 

slowly down an electromagncticnlly-vibrated chute into the 

heated source.  During the period of tine when the source was 

at its maximum tenperature, the pressure within the bell jar 

•4 was observed to increase to approximately 10  Terr.  After 

a sufficient amount of powder was evaporated, the flow of 

■material down the chute was stopped, the shutter was closed, 

and the current through the box source was reduced to zero. 

The contents of the bell jar were allowed to cool under vacuum 

for approximately 15 minutes, after which time the samples 

were removed from the system. 

Each film was stripped off its mica substrate by gently 

immersing the substrate in de-ionized water.  The films were 

PH 
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lifted off the water's surface on pieces of very fine copper 

mesh (1,500 tpl).  After a set of films was dry, the films 

wore placed In the specimen holder of the scanning electron 

diffraction (SHD) system. Selected films were also examined 

In the Philips EM 200 eldctrou microscope. 

Using the same evaporation technique and powdered bulk 

samples as described above, films of approximately 1,500 X 

thickness were deposited on glass microscope slides. A value 

of the weight percent x of germanium present In the films 

deposited from the two bulk G^Se,  samples was determined 

by W. L. Wilson using x-ray fluorescence spectroscopy.  The 

x values were 0.S7 and 0.27S, which Implies that the emplrl- 

cal formulas for the thin films evaporated from the two bulk 

samples are GCSCQ 7 and Ge
ce2 j, respectively. 

Thin film preparation by flash evaporation of mechani- 

cal mixtures of the powdered elements was also attempted. 

The elemental germanium was found to react with the tantalum 

of the box source, however, so this technique was discarded. 

Scanning Electron Diffraction System 

The diffraction system used in this research was devel- 

oped by Grigson and coworkers at the University of Cam- 

bridge^  ' and by Dove and Denbigh at Bell Laboratories.^  ' 

A schematic diagram of this system is shown in Fig. 3. 

r? 
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The scanning electron diffraction system employs a 

conventional electron gun whose filament Is held at a con- 

stant potential of between -45 and 'SO kV. A six-inch car- 

bon oil diffusion pump allows the pressure within the system 

to be reduced to 10  Torr. The electron boom produced by 

the heated filament first passes through an aperture and a 

magnetic lens system before it strikes one of the thin films 

in the specimen holder. The specimen holder can hold up to 

five films at one time, allowing several specimens to be 

examined in succession without breaking the vacuum in the 

system. The electrons scattered by the film produce a dif- 

fraction pattern which, along with the direct beam, can be 

translated back and forth across a very small collection 

aperture by varying the current through a pair of coils 

located below the sample. A phosphor-coated surface located 

on the plane of the collection aperture allows the diffrac- 

tion pattern to be observed. The diffraction pattern may 

be focusscd by adjusting the current through the lens system 

located above the specimen. 

After passing through the collection aperture, all of 

those electrons which have lost more than a few volts in 

energy (i.e., the inelastically scattered electrons) arc re- 

jected by an electrostatic filter. The filter is connected 

to the gun filament through a variable bias voltage. A pair 

of magnetized coils directly below the collection aperture 

is driven in synchronism with the scan coils so that after 

6^ 
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the electrons pass through the anerture they are directed 

along a path close to the electron optic axis, regardless 

of the angle at which the electrons enter the aperture. 

This correction of the deviation angle of deflected rays 

entering the aperture is necessary for the satisfactory 

operation of the electrostatic filter. After the elastic- 

ally scattered electrons pass through the filter, they hit 

a fluorescent screen, and the light generated by the screen 

is detected by a photonultiplier (PM) tube. The output cur' 

rent of the PM tube is measured by an electrometer and the 

dc output of the electrometer is displayed versus scan angle 

on an x*y recorder. 

Processing of Diffraction Data 

A number of films, especially many of the GOSCQ . 

films, were found to contain small crystallites as deposited. 

The diffraction patterns of these films consisted of a series 

of sharp Bragg peaks superimposed on an amorphous background. 

Even films which initially displayed diffuse diffraction pat- 

terns began to crystallize when irradiated in an electron 

bean of moderate intensity.  In an effort to control such 

beam-heating effects, the beam intensity of the SED system 

was decreased considerably. 

The diffuse diffraction patterns of selected films of 

GCSCQ - and GeSe, A  were recorded.  These films were then 
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heated using the electron beam.    The changes  in  the diffracted 

intensity profiles were recorded after various degrees of 

beam heating.    The diffraction pattern  from a crystallized 

flash-evaporated selenium film floated off a mica substrate 

was also obtained. 
2 • 

I/f was calculated as a function of s for a series of 

GOSOQ 7 and GeSej 4 films. The integral in Eq. (2.30) was 

numerically evaluated from s • 0 to sm.w ■ 2.08 for these max 

films, yielding a series of values of rU* (i)-D^] as a 

function of r for each film. The Integral was evaluated both 

with and without the exponential termination function 
2 

exp(-0.36 s ). The CRDF was evaluated as a function of r 

for each film by multiplying each of the calculated values 

of rlp'CO-p'J by 4iir and then adding -^rp* to the quantity 

obtained. 

fill The electron scattering factors given by Valnsteln1 ' 

(calculated using the Thomas-Fermi method) were used for Ge 

and Se. The normalization function f was chosen to equal 

(xGefGe * xSefSe )- 

The density values used for GeSe0 7 and GeSe. j were 

S.00 g/cc and 4.33 g/cc, respectively. The density value 

chosen for GeSe, »  was taken to be equal to the measured 

density of the bulk glass from which these films were pre- 

pared. The density chosen for GCSCQ . Is 9* less than the 

density reported by Kannewurf^ ' lor crystalline GeSe. 

rc. 



CHAPTER IV 

EXPERIMENTAL RESULTS 

Introduction 

The diffraction patterns of amorphous films of GeSe0 - 

and GeSe* 4 underwent significant changes as the films were 

heated with the electron beam.  The most noticeable changes 

which occurred with increased heating were an increase in 

sharpness of the diffuse diffraction intensity peaks and a 

change in the relative intensity of the peaks. 

Two different diffuse diffraction patterns were obtained 

for GeSe0 -.  The pattern labeled "first stage" represents 

the most diffuse pattern obtained.  The pattern labeled 

"second stage" represents the pattern obtained when a film 

initially in the first stage was heated with the electron 

beam.  Three diffuse patterns are presented for GeSe, A-    The 

first stage represents a GeSe2 4 film in its as-deposited 

state.  The second and third stages represent the state of 

a GeSe, . film after progressive beam heating. 

For each stage of GeSe0 - and GeSe- . a plot is 

presented within this chapter for diffracted intensity 
2 

I vs s, I/f vs s, the CRDF (calculated without an exponen- 

tial termination function) vs r, the CRDF (with an exponen- 

tial function) vs r, and 4TTr [o1 (r)-p'] vs r, calculated 

28 B7 
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without an exponential function. A list of these plots with 

their corresponding figure numbers is given in Table I. 

Results Obtained for GeSe« - 

A plot of I vs s for the most diffuse diffraction pat- 

tern obtained for GeSe0 7 is shown in Fig. 4.  A very weak 

intensity peak exists at s ^ 0.16.  The strongest intensity 

peak has its maximum at s = 0..^1. A third and fourth peak 

are located at s = 0.52 and s = 0.82, respectively, as 

listed in Table II.  Figure 5 gives an I vs s plot for a 

GeSe0 - film which was heated with the electron beam. A 

small intensity hump is present at s = 0.20.  The next 

three intensity maxima occur at the same s values at which 

the maxima occur for the first stage. The peaks of the 

second stage are much sharper than those of the first 

stage, however, and the peak at s = 0.52 exceeds the peak 

at s = 0.31 in intensity. 

Further heating of a GeSe« 7 film resulted in the ap- 

pearance of sharp diffraction peaks superimposed on an amor- 

phous background, indicating the presence of crystallites 

in the film.  The comparison shown in Fig. 6a and c of the 

diffraction pattern of a partially-crystallized GeSe0 - film 

with the pattern of a crystalline selenium film indicates 

that it was selenium which first crystallized out when the 

GeSe0 - film was heated. 

88 
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Table I 

Directory of Plots for Ge-Se Films 

GeSen - GeSen - GeSe-, - GeSe- . GeSe- - 0.7 0.7     2.4     2.4     2.4 
Sample  (First (Second (First (Second (Third 

Plot         Stage) Stage) Stage) Stage) Stage) 

I vs s Fig. 4 Fig. 5 Fig. 15 Fig. 16 Fig. 17 

I/f2 vs s it 7 II 8 II 18 it 19 " 20 

CRDF vs r 
(without exp) 

•i 9 II 11 II 21 II 23 II 25 

CRDF vs r 
(with exp) 

ii 10 it 12 II 22 II 24 ti 26 

^[p1 (r)-p'] 
vs r 

(without exp) 
vs r    0   "  13  M  14  M  27  "  28  "  29 

I vs s for crystallized Se, GeSe0 _ and GeSe- . - Fig. 6, 

B9 
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Table II 

Location of Intensity Peaks 
for Ge-Se Films 

Location of Frominent 
Sample Intensity Maxima (Ä"1) 

GeSe0.7 

First Stage     s = (0.16), 0.31, 0.52, 0.80 

Second Stage    s = (0.20), 0.31, 0.52, 0.80 

GeSe2.4 

First Stage s = 0.18, 0.32, 0.55, 0.84 

Second Stage s = 0.18, 0.32, 0.52, 0.82 

Third Stage     s = 0.22, 0.31, 0.52, 0.82 

TO 
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2 A plot of I/f vs s is presented in Figs. 7 and 8 for 

the two stages of GcSe0 -.  The plot for the film in the 

second stage oscillates about a constant value.  The plot 

for the film in the first stage, however, oscillates about 

a line with a positive slope.  As mentioned in Chapter II, 
2 

this failure of the I/f vs s plot to oscillate about a 

constant value is most probably due to the film being of 

sufficient thickness to allow some multiple scattering. 

A plot of the CRDF vs r, calculated both with (Fig. 10) 

and without (Fig. 9) the exponential termination function, 

is presented for the first stage of GeSe0 _.  The corres- 

ponding plots for the second stage are given in Figs. 11 

and 12.  It should be noted that all four CRDF plots for 

GeSe« - have some peaks in the range r = 0 to r = 2.00 A. 

The appearance of these peaks is due largely to the termina- 

tion effect discussed in Chapter II.  These peaks are re- 

duced, but not eliminated, when an exponential termination 

function is used (Figs. 10 and 12) in evaluating the CRDF. 

The termination function also aids in reducing or eliminat- 

ing termination peaks which occur at values of r greater 

than 2.00 A.  For example, the peak at r = 3.00 A in Fig. 9 

is absent in Fig. 10. Application of the termination func- 

tion does cause some broadening in the CRDF peaks, as can 

be seen by comparing Figs. 9 and 10. 

Figures 13 and 14 present a plot of ^r^'(r)-p'] vs r, 

calculated using the termination function, for the first 

• 7U 
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and second stages of GeSe0 -.  The positions of the maxima 

of the peaks found in these plots (neglecting those peaks 

due to the termination effect) correspond to the inter- 

atomic spacings in the films they represent.  The prominent 

interatomic spacings determined for the two stages of 

GeSe« - are listed in Table II. 

Results Obtained for GeSe- . 2 .4 

I vs s is plotted for the three stages of GeSe, . in 

Figs. 15, 16 and 17. The positions of the prominent inten- 

sity maxima are given in Table III. 'The positions of the 

first four maxima do not change significantly as the film 

is heated.  The relative intensity of the peaks does change, 

however.  The peak at s = 0.18 undergoes a drastic decrease 

in intensity as the GeSe2 A   film is heated from the first 

stage to the second stage.  This peak is even smaller in the 

third stage.  The peak at s «• 0.55 undergoes a rise in inten- 

sity as the film progresses from the first to the third stage. 

In the third stage the peak at s = 0.55 exceeds the second 

peak in intensity. The peaks of the third stage are also 

much sharper than the peaks of the first two stages.  Figure 

6b shows, the diffraction pattern of a GeSe2 . -film which 

has been partially crystallized by the electron beam.  Com- 

parison of this pattern with the diffraction pattern shown 
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Table III 

Prominent Interatomic Spacings 
for Ge-Se Films 

Prominent Interatomic 
Sample Spacings (Ä) 

GeSe0.7 

First Stage     r = 2.40, 4.40, 5.07, 6.15 

Second Stage    r ■ 2.47, 4.32, 5.17, 6.25 

GeSe- . Z.4 

First Stage r = 2.37, 3.87, 5.27, 5.80 

Second Stage r = 2.45, 4.02, 5.00, 6.05 

Third Stage     r = 2.47, 4.15, 4.97, 6.35 
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in Fig. 6c of a crystalline Se film indicates that it is 

selenium which first crystallizes out when a GeSe- A   film 

is heated. 

2 , A plot of I/f vs s is presented in Figs. 18-20 for 

the films representing the three stages of GeSe2 «.  The 
2 

I/f curves for the first and second stages (Figs. 18 and 

2 19) oscillate about a constant value of I/f .  The plot for 

the third stage (Fig. 20), however, exhibits somewhat of an 

upward slope. 

A plot of the CRDF vs r, calculated both with and with- 

out the exponential termination correction, is presented in 

Figs. 21-26 for each of the three stages of GeSe2 4 examined, 

The information which can be obtained from these plots will 

be discussed in Chapters V and VI. 

A plot of 'iTrrfp'(r)-p'] vs r, calculated using the 

termination function, is presented in Figs. 27-29 for the 

three stages of GeSe- ,.  The prominent interatomic spacings 

determined from these plots are listed in Table III. 

Figure 30a shows an electron micrograph of an amorphous 

film of GeSe2 4. The electron diffraction pattern of this 

film, which is shown in Fig. 30b, exhibits the diffuse dif- 

fraction halos characteristic of amorphous films.  The two 

most intense halos occur at s = 0,30 and s = 0.50.  These 

two halos appear to be about equal in intensity, indicating 

the film exists in a state somewhere between the second and 

third stages of GeSe, »•     It is noted that the micrograph 
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« 

(a) 

I 1 

(b) 

Fig. 30.  (a) Electron micrograph of an amorpRous GeSe, * 
film, 

(b) The diffuse electron diffraction pattern 
of (a). 
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does show some contrast on a scale of order 100 X. This 

contrast cannot be attributed to the presence of crystdl- 

lites in the film, however, since crystallites of such size 

would produce sharp rings in the diffr.ction pattern.  The 

origin of this contrast has not been determined, although 

it seems to be characteristic of all amorphous films examined 

to date.  The microstructure of amorphous GeSej *, in fact, 

appears very similar to that observed for amorphous germani- 

um and carbon films.*- ' 

The crystallites formed in a GeSe2 4 film which was 

heated with the electron beam can be seen in Fig. 31a. 

These crystallites, which average approximately 200 A in 

diameter, may be identified as being'crystallites of seleni- 

um from the diffraction pattei*n of Fig. 31b. 

Because of the difficulties encountered in keeping the 

Gt  0 7 films in a non-crystalline state, an electron micro- 

graph of amorphous GeSe,* - was not obtained. 
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(a) 

•tjt 

(b) 

Fig. 31.  (a) Dark-field electron micrograph of a GeSe2>4 
film which was heated with the 
electron beam, 

(b) The electron diffraction pattern of (a). 
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CHAPTER V 

ANALYSIS OF CONVOLUTED RDF CURVES 

Each CRDF plot presented in Chapter IV consists of a 

superposition of peaks, with each peak centered at a par- 

ticular value of r.  Equation (2.34) states that the ap- 

proxi nate area A under a CRDF peak located between r and 

r' is given by 

A m  4Tr / 0 rz LI   [x.p.-Cr)  I 2 J ]dr   (5.1) 

Since fSe(o) = 7.6, fGe(o) = 7.3,Cl8) and f2(o) = xGefGe
2(o) 

+ xSefSe
2(o), the term fi(o) f. (o)/f

2(o) in Eq. (5.1) is 

approximately unity for all combinations of i and j. 

Therefore, in the case of Ge-Se films, Eq. (5.1) may be re- 

written as 

r' 
A . 4^ /r° r2[xGePGe.Se(r) + xGePGe.Ge(r) 

+ xSepSe-Ge(r) + xSepSe-Sefr^dr ^•2) 

Equation (5.2) implies that the area under a CRDF peak rep- 

resenting a Ge-Se film gives the average coordination number 

of the atomic species contributing to the peak. 
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Figures 32 and 33 show the first CRDF peak (calculated 

using the exponential termination function) for GeSe0 _ and 

GeSe, A-     The area under the first CRDF peak (centered at 
o ■ 

r ■ 2.37 A) for the first stage of GeSe- A  was measured to 

be 2.30.  Examination of the broad shape of the first CRDF 

peak in the case of the latter two stages of GeSe- . and 

both stages of GeSe0 - indicates that in these cases the 

first CRDF peak consists of a superposition of subpeaks, 

each subpeak being centered at a different value of r.  We 

would expect the first subpeak of each stage to be centered 

at that value of r = r, corresponding to the smallest prom- 

inent bond length determined for that stage. 

Peak broadening due to the thermal vibrations of the 

atoms in a film gives rise to symmetric peaks in 4Trrp,(r), 
2 

but not in Atrr p' (r) .     In addition, the peaks in a plot of 

4T7rp'(r) vs. r are not rendered asymetric by the use of a 

termination function.  Therefore, if a prominent bond length 

exists at a particular value r = r , a plot of 4,irrpl(r) vs. 

r in the vicinity of r will yield a symmetric peak cen- 
ft 

tered at r .  Multiplication of this peak by r yields a 

CRDF peak centered at r .  Applying this procedure, the 

shape of the CRDF peak centered at r, for the Ge-Se films 

examined was determined using the following steps. 

Step 1:  That portion of the first CRDF peak 
located between rj and the first mini- 
mum in the CRDF before r^ was divided 
by r, yielding a plot of 4Trrp'(r) vs. r. 
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Step 2: The curve obtained in step 1 was 
reflected about r^ to produce a peak 
symmetric about r^. 

Step 3:  The symmetric peak obtained in step 
2 was multiplied by r to yield a plot 
of the CRDF peak centered at r^. 

Figures 32 and 33b and c show how the first CRDF peak 

was decomposed into two subpeaks, centered at r, and r-, 

respectively, for the two stages of GeSe0 7 and the latter 

two stages of GeSe? ..     The portion of each first subpeak 

below r = r, lies on the original CRDF plot; the second half 

is shown as "a dashed curve.  The area measured under each 

first subpeak is written within that peak.  The subpeak 

centered at r^ is that peak which must be added to the 

first subpeak in order to give the first CRDF peak.  The 

area measured under the peak at r- for the first and second 

stages of GeSe0 _ was 1.6 and 0.8, respectively.  An area 

of 0.8 was measured under the peak at r, for both the 

second and third stages of GeSe2 »•     It should be noted 

that the size and shape of the peak centered at r- are very 

sensitive to the position and shape of the peak centered at 

rl- 
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CNJ 

GeSc 0.7 

First   Stage 

r,    =   2.40 

fj   =   2.90 

CM 

i 

o GoSe 
0.7 

Second    Stage 

r,    = 2.47 

r,    = 2.90 

Figure 32.  The first CRDF peak and its constituent sub- 
peaks for the GeSeg 7 films of Figures 
(a) 4 and 9, and (b5 5 and 12. 
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First    Stage 

r, = 2.37A 

GeSe M 

Second    Singe 

r,    = 2.45 Ä 

r2   =  2.9 0 Ä 

GeSe 
2.4 

Third    StQQe 

r,   =  2.47 A 
Tj   = 2.SO A 

Figure  33.    The  first  CR-DF peak and its  constituent  sub- 
peaks  for the GeSe2  A  films  of Figures 
(a)   15  and 22,   (b)   i6  and 24,   and  (b)   17 
and 26. 
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CHAPTER VI 

DISCUSSION OF EXPERIMENTAL RESULTS 

Structure of Crystalline Ge-Se Materials 

Most amorphous materials whose structures have been 

examined have been found to possess local order similar to 

that which occurs in their crystalline form.  It is there- 

fore of interest to examine the local order found in crys- 

talline Ge-Se compounds and determine whether this order is 

preserved in the amorphous state. 

There exist two known Ge-Se compounds, GeSe and GeSe2. 

The crystal structure of GeSe has been found by Okazakiv * 

to be of a highly distorted NaCl type, isomorphous with 

SnSe and SnS.  The bond lengths of the six Ge-Se bonds which 

correspond to the six nearest-neighbor bonds in NaCl were 

determined to be the following:  2.54(1), 2.58 C2), 3.30(2) 

and 3.39(1).  The figures in parentheses give the number of 

Ge-Se bonds of this type associated with each Ge atom.  It 

is thought that GeSe undergoes a polymorphic transformation 

f 221 at 620oC.,• '    The structure of this high temperature phase 

has not been reported in the literature, however. 

The crystalline structure of GeSe2 has been determined 

f231 by Ch'un-hua^  ^ to be a highly deformed version of an eight- 

layered Cdl, type.  The Ge-Se bond distances present in 
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GcSe- have not been reported, however.  Mande*1  •' concluded 

from an examination of the x-ray absorption spectra of GeSe- 

that the bonding in this material is strongly covalent. 

The covalent radii of Ge and Se are reported by Pauling to 

be 1.22 A and 1.17 A, respectively, whereas the respective 

4+2- 9 
crystal radii of Ge  and Se  are reported to be 0.53 A 

and 1.98 A, where the crystal radius of an ion is defined 

such that the sum of two crystal radii is equal to the 

actual equilibrium interionic distance in a crystal contain- 

f 25") 
ing the ions.v *     One would therefore expect the average 

nearest neighbor distance in GeSe- to be somewhat larger 

than 2.39 A, but less than 2.51 A.  The average coordination 

number of a Ge atom in a Cdl, structure would be 6, and the 

average coordination number of a Se atom would be 3, so 

that the average coordination number within one layer of 

the structure would be 4. 

Discussion of GeSe- . CRDF's 2.4 

Structure of As-deposited GcSe- 4 Films 

In the present work the first CRDF peak for the first 

stage of GeSe2 »   occurs at r, ■ 2.34 A.  Since the covalent 

radii of Ge and Se are 1.22 X and 1.17 X, respectively, it 

seems reasonable to interpret this peak as being due to a 

superposition of Ge-Gc, Ge-Se, and Se-Se contributions. 
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If this interpretation is made, the area under the first 

CRDF peak should be equal to the average coordination number 

of covalently-bonded Ge and Se atoms in the material.  If 

Ge and Se are taken to possess the same coordination number 

as in their covalently-bonded crystalline states, i.e., a 

coordination number of 4 for Ge and 2 for Se, then the area 

under the first peak should be given by 

Area = 4xGe ♦ 2xSe = 2(1 + xGe) (6.1) 

Since xG = 0.29 for GeSe- 4, Eq. (6.1) predicts an area of 

2.58 for the area under the first peak, which is quite close 

to the measured area of 2.30. 

It should be noted that the area predicted by Eq. 

(6.1) is independent of the way in which the Ge and Se 

atoms are mixed, provided the coordination of each atom is 

conserved.  One cannot therefore determine solely from the 

area under this peak whether the Ge and Se atoms are mixed 

in a random fashion, or whether complete miscibility or 

complete immiscibility exists. 

Effect of Heat Treatment on GeSe, 4 CRDF's 

Figure 33 shows that as a film of GeSe- ,, is heated 

from the first to the second stage the position of the 

CRDF peak centered at r, shifts to a higher value of r, the 

area under this peak increases, and a peak emerges at 2.90 A. 
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As the film is heated from the second to the third stage 

the area under the peak at r, continues to increase, but 

the size of the peak at 2.90 X does not change significantly. 

These changes in the CRDF indicate a change in amorphous 

film structure with heating prior to crystallization.  The 

information contained in the CRDF's does not by itself al- 

low a unique determination of the structural changes occur- 

ring. A tentative model for the structural changes ob- 

served, however, is presented in the following section. 

A Tentative Model 

The changes in the CRDF observed when a GeSe- 4 film 

is heated might be due to the separation of the as-deposited 

film into the following amorphous phases: 

1) An amorphous phase of GeSe whose local order 
approximates a NaCl structure and whose 
nearest neighbor distance is equal to 2.95 A, 
which is the average nearest neighbor dis- 
tance present in crystalline GeSe. The forma- 
tion of this phase would account for the 
growth of the peak at 2.90 A. 

2) An amorphous phase of GeSe2 whose local order 
resembles a Cdl2 structure and whose bonding, 
like that of crystalline GeSe2, is largely 
covalent.  If the Ge-Se nearest neighbor dis- 
tance in this phase is taken to be the same 
as the nearest neighbor distance in crystal- 
line GeSe2, i.e., between 2.40 X and 2.50 Ä, 
the formation of this phase would add a Ge-Se 
contribution to the first CRDF peak which 
would shift the position of this peak to a 
higher value of r. The Ge and Se atoms in a 
Cdl2 structure would have coordination numbers 
greater than those possessed by the four- 
coordinated Ge and two-coordinated Se atoms 

112 



74 

in the unsoparated mixture. The presence of 
these atoms of higher coordination number 
would therefore cause an increase in the area 
under the peak centered at r^. 

3) An amorphous phase of Se,  It is clear that 
selenium must separate out during some stage 
of the heat treatment since it is selenium 
which first crystallizes as the temperature 
of the film is raised. Amorphous selenium 
has been found to have an average nearest 
neighbor distance of 2.34 Ä and a first co- 
ordination number of two.(26,27) j^g presence 
of this phase would therefore contribute to 
the area under the peak centered at r^. 

If a GeSe, 4 film which has already partially separated 

into GeSe, GeSe2, and Se is heated to a sufficiently high 

temperature, the phase separation described above would 

continue, but the amorphous phase of GeSe would begin to 

separate into amorphous GeSe2 and amorphous Ge. Amorphous 

germanium has been found to have a nearest neighbor distance 

of 2.43 X and first coordination number of 4.*- ' The amor- 

phous germanium would therefore contribute to the area under 

the peak centered ac r,. The increase in the amount of 

GeSe, present would result in an increase in the number of 

covalently-bonded Ge and Se atoms with coordination numbers 

greater than 4 and 2, respectively, and would therefore 

cause an increase in the area under the peak centered at r,. 

The area under the peak at r, would not be expected to in- 

crease significantly if most of the GeSe being foi'med was 

separating into GeSe, and Ge. 

The occurrence of phase separation in amorphous chal- 

cogenides is not uncommon.  In his study of bulk non- 
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crystalline chalcogenides, R. Roy^ ' found all of the mate- 

rials he examined to consist of more than one amorphous 

phase. Even monoelement materials such as amorphous seleni- 

um and sulfur were found to have a polyphasic structure. 

It is interesting to note that, although the CRDF plots for 

GeSe- . seem to indicate the occurrence of phase separation 

as a film is heated, no evidence of this separation was ob- 

servable in the electron microscope. The contrast between 

different amorphous phases is expected to be small, however, 

since the electron densities of Ge and Se are quite close 

to each other, and might therefore be very difficult to ob- 

serve. 

Discussion of GeSe0 7 CRDF's 

Structure of GeSe0 - Films in First Stage 

None of the prominent bond lengths determined for the 

two stages of GeSe0 - (Table III) compare \\rith the six Ge-Se 

bond lengths presented earlier in this chapter for crystal- 

line GeSe.  This result implies that the local order in the 

amorphous GeSe0 _ films examined in the present work.dif- 

fers from the local order present in crystalline GeSe. 

Figure 32 shows that the first CRDF peak for the first 

stage of GeSeQ - can be decomposed into two subpeaks, one 

centered at r, - 2.40 Ä and one at 2.90 X, with respective 

areas of 2.40 and 1.60. As a GeSe0 - film is heated from 
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the first to the second stage, the position of the peak 

centered at r, moves to a higher value of r, the area under 

this peak increases, and the area under the peak at r, de- 

creases. 

If a GeSe0 _ film in the first stage consists of sim- 

ply a mixture of four-coordinated Ge atoms and tv.'o-coordi- 

nated Se atoms, the area under the peak centered at 2.40 A 

should be approximately 2(l+xG ) = 3.18.  The fact that 

the measured area beneath this peak is considerably less 

than 3.18 indicates that a film in this stage does not con- 

sist solely of such a mixture. The presence of a peak at 

2.90 A leads one to suspect that this film has already been 

heated enough by the electron beam to cause some phase 

separation. Therefore, the CRDF plot given for the first 

stage of GeSe0 _ may not be representative of the structure 

of a GeSe0 - film in the as-deposited state. 

A Tentative Model 

As r*n the case of GeSe, »,  the CRDF's alone do not con- 

tain sufficient information to allow a unique characteriza- 

tion of the structural changes which occur as a GcSe0 - 

film is heated.  The following tentative model, however, 

suggests wha': structural changes might be occurring. 

Consider an as-deposited GeSe0 - film to consist of a 

mixture of four-coordinated germanium atoms and two-coordi- 

nated selenium atoms. When the film is heated, the mixture 
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begins to separate into an amorphous phase of GeSe (whose 

structure is the same as that structure given for GeSe in 

the previous section), plus amorphous germanium and amor- 

phous selenium.  The formation of GeSe would result in an 

increase in the number of Ge-Se bonds of bond length 2.90 A 

and a decrease in the number of Ge-Se bonds which are large- 

ly covalent.  This phase separation would therefore result 

in the formation of a peak at approximately 2.90 X and a 

decrease in the area of the peak centered at 2.40 X to some 

value less than 3.18.  It is therefore possible that the 

CRDF labeled as representing GeSe0 7 in its first stage 

actually represents the partially phase-separated structure 

described above. 

When a film which has already partially phase separated 

is heated to a sufficiently high temperature, the amorphous 

phase of GeSe begins to separate into amorphous GeSe- and 

amorphous Ge.  This second separation would result in the 

peak at r, shifting to a higher value of r, the area under 

this peak increasing, and the area under the peak at 2.90 A 

either decreasing or remaining constant.  The initiation of 

this second separation would account for the changes in the 

GeSe0 7 CRDF as the film is heated from the first to the 

second stage. 
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Comparison of GeSe0 _ CRDF's with 

Results Reported for GeSe  ~ 

One would not expect the size and location of the first 

few CRDF peaks of amorphous GeSe films to differ signifi- 

cantly from the CRDF results of amorphous GeSe0 -.  The 

GeSe radial distribution plot reported by Mikolaichuk et 
f 29") 9 £l.,  J  however, has its first two peaks located at 2.6 A 

and 4.0 A, respectively, and gives a Ge coordination number 

of 5.8.  The distinctive differences which exist between 

Mikolaichuk1s results and the results given in the present 

work for GeSe0 7 can perhaps be explained by the fact that 

the techniques used to prepare the GeSe films was quite dif- 

ferent from the technique described in Chapter III for the 

preparation of the films of GeSe0 7.  The GeSe films were 

prepared by evaporation of the initial compound from a 

quartz crucible heated with a molybdenum spiral.  The films 

were deposited on cellulose nitrate, glass, and single- 

crystalline substrates held at a temperature between 300oK 

and 500oK.  Mikolaichuk reported observing a change in the 

relative intensity of the electron diffraction peaks of 

his films as the substrate temperature was varied.  Unfor- 

tunately, he did not report what effect a change in sub- 

strate temperature had on his radial distribution results. 
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The Ge-Se Phase Diagram 

A question which must be considered is whether one can 

interpret the structural changes which occur when a Ge-Se 

film is heated in terms of the known Ge-Se phase diagram 

(even though, strictly speaking, phase diagrams apply only 

to materials in thermodynamic equilibrium).  Figure 34 

(22') shows the phase diagram determined by Ch'un-hua et al.  J 

for the Ge-Se system.  From the phase diagram one would 

expect a dissociation of GeSe- - into GeSe2 and Se as a 

film of GeSe- - was heated.  This would initially be an 

amorphous separation.  As the film temperature was increased, 

crystalline Se would appear, followed by crystalline GeSe-, 

If this is the correct separation mechanism, one must inter- 

pret the CRDF peak at 2.90 A as being due to the amorphous 

GeSe2. 

From the phase diagram one would expect a heat treated 

GeSe0 - film to separate into amorphous GeSe and amorphous 

Ge, and hence one would not expect to see Se crystallites. 

This is obviously not consistent with what was found ex- 

perimentally in the present work.  In addition, the peak at 

2.90 occurs in the CRDF's of both GeSe0 - and GeSe- ., and 

it is extremely unlikely that this peak is due to both 

GeSe2 and GeSe. 

It therefore appears that one cannot predict the struc- 

tural changes which occur simply by examining the phase dia- 

gram, unless, of course, gross compositional variations 
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1000 

100 

Atomic % Se 

Fig. 3- The system Ge-Se (Ref. 22). 

I • melt VI 
II • ■ melt + Ge VII 

III • - melt + GeSe VIII 
IV • ■ Ge + GeSe(ß) IX 
V • • Ge + GeSe(a) X 

melt + GeSe2 
GeSe(a) + GeSe2 
melt + GeSe2 
GeSe? + Se 
GeSe(S) + GeSe2 

119 



81 

exist within each as-deposited film.  If each Ge-Se film 

in its as-deposited state consists of regions of GeSe2, 

GeSe, Ge, and Se in some ratio, then these local regions 

could possibly follow the phase diagram, enabling one to 

account for the changes observed in the CRDF's simply from 

phase diagram considerations. 

120 



CHAPTER VII 

CONCLUSION 

Summary 

The radial distribution studies indicate that vapor- 

deposited films of GOSOQ - and GeSe2 - possess some degree 

of short-range atomic order.  The local order present in 

amorphous GeSe0 - films differs from the distorted NaCl 

structure of bulk crystalline GeSe.  Therefore a band 

structure different from that of crystalline GeSe must be 

employed to explain the optical and electronic properties 

of amorphous Ge-Se films whose composition lies within at 

least a few atomic percent of GeSe« -. 

The electron micrograph of an amorphous GeSe- A   film 

reveals some contrast on the order of 100 A.  The fact that 

this contrast is not due to the presence of crystallites is 

evidenced by the absence of sharp diffraction rings in the 

diffraction pattern of this film. 

The radial distribution curves indicate a change in 

the structure of amorphous films of GeSe0 - and GeSe- A  as 

they are heated with an electron beam. A definitive deter- 

mination of the nature of this change cannot be made solely 

from the CRDF results.  A tentative model is suggested, 
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however, in which the as-deposited GeSe films are considered 

to consist of a mixture of four-coordinated Ge and two- 

coordinated Se atoms. Heating a film is considered to re- 

sult in a dissociation of this mixture into amorphous phases 

of GeSe, GeSe-, Ge, and Se. Heating to a sufficiently high 

temperature results in the crystallization of the Se. 

Suggestions for Future Work 

It is clear that before a complete characterization 

can be made of the structural changes which occur when a 

Ge-Se film is heated, additional experiments need to be car- 

ried out.  A study of the infrared spectra of Ge-Se films 

which have undergone various amounts of heat treatment 

should aid in the determination of the structure of the 

amorphous phases present in these films.  An investigation 

of the bond lengths present in the basic unit of structure 

of crystalline GeSe2 also needs to be made. 

The annealing time and temperature associated with each 

Ge-Se CRDF should be determined so that any particular amor- 

phous stage of a film can be reproduced.  The effect of 

substrate material and temperature on the composition and 

structure of the films in their as-deposited state also 

needs to be examined. 
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It would be of interest to compare the structure of 

Ge-Se filns produced by sputtering and by simultaneous evapo- 

ration of elemental Ge and Se with films produced by flash 

evaporation. A comparison of the CRDF's obtained from x-ray 

diffraction analysis of bulk Ge-Se glasses with the CRDF's 

given in the present work would be of immediate interest. 
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