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ABSTRACT.

The structure of "glassy" germanium films prepared by slow sublimation
of germanium on heated substates in ultra high vacuum. was investigated
using in-situ high energy transmission electron elastic scattering up
to the scattering vector s = 4m/A -sin® ~10871. 1t is shown that
on the basis of the presently available experimental evidence, there
exists a number of important physical constraints as to the structure
of amorphous germanium. Furthermore, a diffraction pre-peak at the
scattering vector s o l.ZA—l has been observéd, that first such obser-
vation in tetrahedrally bonded elemental amorphous semiconductors.
This results is discussed in light of similar observations in other
disordered systems. A significance of short and medium range real space

correlations in disordered systems is pointed out.
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Structure and the existence of the First Sharp
Diffraction Peak in amorphous germanium prepared

in UHV and measured in-situ
Petr Visdor

IMFUFA, Roskilde University Center, Postbox 260,

4000 Roskilde. Denmark.

The structure of "glassy" germanium films prepared

by slow sublimation of germanium on heated substrates

in ultra high vacuum was investigated using in-situ
high energy transmission electron elastic scattering
up to the scattering vector s ='4n/)\ . sin0® ~ 10871 .

It is shown that on the basis of the presently

- available experimental evidence, there exists a number

of important physical constraints as to the structure
of amorphbus germanium. Furthermore, a diffraction
pre-peak at the scattering vector s = 1.28"Y nas
been observed, the first such observation in tetrahe-
drally bonded elemental amorphous semiconductor. This
result is discussed in light of similar observations
in other disordered systems. A significance of short
and medium range real space correlations in disordered

systems is pointed out.

I. INTRODUCTION

The most important parameters controlling the physical



properties of amorphous germaniuﬁ (a-Ge) films
(and other group IV elements) are the substrate

temperature, the evaporation rate and the cleanliness

of the vacuum environment during the deposition. Films

prepared on heated substrates (=~ 400 K) at small
evaporation rates (keeping the vacuum in the ultra
high vacuum range <5 . 10-~lo torr) and referred

to here as class A a-Ge films, differ markedly in
their physical properties from those films (referred
here to as class B a-Ge films) pfepared on low

temperature substrates (< 300 K) using high evaporation

rates (2 5 ~ 10&/sec).

The difference is most noticable in such properties

as electron spin resonance (% 1018 spins/cm® in class A

and 2 102%-102%!

10 spins/cm® in class B), optical

properties (very little or no shift in the optical
absorption edge on annealing in class A and "large"
shifts of the optical absorption edge on annealing

in class B), d.c. electrical transport (no parallel

shifts of the log of the d.c. electrical conductivity

1
o versus T ~ /%
d.c.

parallel shifts of the log of the O4.c. versus T

on annealing in class A and large
-1/a

on annealing in class B films) the atomic structure

(a homogeneous structure down to the electron microscope
"resolution limit" ©5-8 A in class A films and an inho-
mogeneous, "crack-like" columnar structure (characteristic
dimension of ~ 10 - 40A - small angle scattering) seen

by the electron microscopy studies of class B films).
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The stable, relaxed form of amorphous gérmanium
exhibited in class A films will be referred to

in the present work also as a "glassy state" of
germanium in order to indicate the resemblance to

bulk glasses (materials prepared by cooling from

the melt). The supporting evidence for the existence
of this "stable" form of germanium (stable on.a time
scale of some 5 years - electron microscopy study

of the present work) comes also from other experiments
such as an early photo-emission work on a-Ge (class A)

by Laude et al(l). The conclusions about the stable,

glassy form of germanium from this work were later
confirmed by the measurements of the optical and
d.c. electrical transport . properties on the same kind

of films(2'3). The recent measurements of the X-ray

absorption near-edge structure of a-Ge(4) give yet
another support to this notion. In this céntext it
should be pointed oﬁt that there is é very clear ten-
dency of class B films to anneal towards state A as

(5) when comparing the temperature T

was shown in
dependeﬁce of the d.c. electrical transport of a-Ge
films prepared by different methods and coming from

different laboratories. Since the structural measure-

(6) and neutron(7) elastic diffraction)

ments (both X-ray
have been performed on class B films, the present
structural investigation has concentrated on thin

class A films. A-Ge films in the present work were

prepared in ultra high vacuum (UHV) by slow sublimation




of ultra pure germanium charge onto hot (400 K)
sﬁbstrates and they exhibited physical properties(3)
that did not change on annealing until the tempera-
ture of crystallisation (~ 250o C) has been reached.
They therefore seem to represent the relaxed and
stable state of a-Ge not unlike that of proper bulk
glasses. To characterise the structure of these

films, in-situ measurements of the density and the
transmission high energy electron diffraction were
performed and they were suplemented by high resolution

electron mocroscopy. The results of the diffraction

study will be reported here.

The paper is structured as follows. The next section
describes the sample preparation and the experimental
procedure. The obtained structural experimental results
are presented in section three. In section four the
available structural data on a-Ge from different
measurements are brought together in order to point
out the important experimentally determined constraints
for possible structural models of a-Ge and there are
discussed in section five in light of the concepts
regarding the electron bonding in glasses as suggested
by Anderson(e) and further developed by Klinger(g).
Finally the first observation of the First sharp
diffraction peak (FSDP) in a-Ge 1is discussed in
section six and some speculations are presented

for its possible origin in disordered materials.



II.. SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE

' The experiments described here, were performed in the

10

UHV-system with the base pressure of 1.10° torr

after several days bake-out. The schematic diagram

of the experimental arrangement is shown in Fig. 1.

The standard electron microscope grids, coated with
approximately 100 A of amorphous carbon and 25 A
of amorphous sapphire were used as the substrates

and were placed.onto a sample block which was
attached to a cold finger of fhe rotatable liquid
helium cryosfat.‘ |

There were two reasons fér which the amorphous
sabphire was used és a substrate. Firstly, it was
found(2) that other_substréte films such as amorphous
carbon or some of the usual metailic thin film
substrates (Au, Cu, Ni) reacted strongly with
growing.amorphous.germanium film and uﬁder the UHV
conditions and at the elevated substrate temperatures
during the deposition, induced the partial crystalli-
sétion of germanium films already during the deposi-
tion. The situation was found to be particularly bad
in the case of gold films which induced partial
crystallisation of amorphous germanium even when held
at room temperature during the deposition. Contrary
to these materials the amorphous sapphire (experiments

to produce an ultra-thin crystalline sapphire substrate

were unsuccessful) and silica substrates were found




to be sufficiently chemically inert as not to

interact strongly with the growing film of

amorphous germanium (as deduced from other

independent experiments such as optical and electrical
conductivity measurements), thereby making it

possible to study the properties of amorphéus

germanium t:1lms in their own right. Secondly, the
sapphire substrates were used so that the correla-

tion could be made with other measurements which

were all performed on films grown on the single

crystal sapphire substratés.

After the pump-down and the bake-out of the UHVV—
system, the liquid helium cryostat with coated elec-
tron microscope grids was rotated so as to bring

the plane of the substrate perpendicular to the axis

of the UHV evaporator (see Fiag.l). The a-Ge films were
évaporated onto amorphous sapphire layers using evapora-
tion rates of the order of 0.1 A sec '.

The temperature Ts of the substrate was 400 K and
the pressure in the UHV chamber during evaporation
was not allowed to rise above 5.10—10 torr. The
material used for the evaporation was high purity
germanium (lO13 electrically active impurities per
cm®). Once the film of the required thickness
(400-500 A) was deposited, the cryostat was rotated
again (now to bring the plane of the film perpendicu-

lar to the electron optical axis). The calibration

of the electron diffraction camera was done using




thin polycrystalline film of aluminium. Linearity ..
of the scanning system was found to be better than

one percent over the whole of the scanned region.

The energy resolution of the energy analyser was
estimated by measured aluminium plasma losses and

Was found to be approximately t&o electron volts.

The energy of the electron beam, used in the
diffraction experiments was 50 kev,

Amorphous germanium diffraction patterns were recorded

1 at liquid nitrogen temperature,

up to s =10 A~
max

using scintillation-photomultiplier combination to

detect the individual scattered electrons and photon

counting electronics to increase the signal to noise

ratio. In order to be able to remove the films from

the UHV system for the electron microscopy studies

without breaking the vacuum, an UHV transfer device
was éonstructed(lo) and could be attached to the
UHV system (see Fig. 1). In this way it was possible

to study the specimen by in-situ electron diffraction
and to check their structure down to 5-8 & by using
the transfer device in conjunction with JEOL 220

high resolution electron microscope.

III. THE EXPERMENTAL RESULTS

The principal result of the present investigation
is shown in Fig. 2. Here the scattered intensity
(not normalised) from a-Ge film is plotted against

the scattering vector s. As can be seen from the



Fig. 2, the four first diffraction maxima are
well resolved in the raw data and thei£ positions
agree well with previous electron diffraction
studies. In order to be able to compare the pre-
sent results with other structural data in the
literature (X-fay, neutron and other electron
diffraction experiments), the diffraction data of
Fig. 2 were analysed to yield the total inter-
ference function

I £ _,%(s)
n - el (1)

2
£ 1 (s)

e

where In is the normalised coherent, scattered
intensity, fel(s) is the atomic scattering factor
(Born approximation and spherically symetrical ato-

mic scattering potential assumed) and s is the

scattering vector.

The important and qualitatively new is a feature
observed at approximately s ~ lA-l (marked FSDP).
Although relatively small in amplitude, it stands
clearly above the noise level and there can be
little doubt that it is a real feature correspon-
ding to the interference  of the electron wave
scattered by the a-Ge film. The experiment was

a simple sample-in - sample-out experiment and

a possible artifact of the experimental set-up

causing this peak in the scattered el-intensity I(s)
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would have been picked up in the saﬁple-out run
(sample-out was a diffraction run involving only
the substrate film - dashed line in Fig. 2).

The significance of the observed FSDP when
related to similar observations in other glassy
materials will be discussed later, but it should
be stressed at this point that although its effect
in real space transform_is obviously small (the
smallness of the FSDP amplitude), its‘significance
as for possible structural models of a-Ge 1is
undiminished, since any structural model has to
reproduce it, when the appropriate scattered
intenéity is calculated.from the model in question.
Finally it has to bé pointed out also that a-Ge
films investigated in the present work were micro-
scopically homogeneous as is demonstrated in

Fig. 3, where high resolution electron micrograph
of the studied a-Ge films ddesvnot resolve any
inhomogeneities down to the resolution limit (some
5-8 &). Below this size the term "inhomogeneities™”
(inhomogeneities referring now for example to
atomic size empty spaces, groups of weakly bonded

(9,11)

atoms etc.) homogeneously distributed through-

out the structure looses its physical meaning and
the above mentioned entities have to be considered

rather as an integral part of the glassy state(l2).



The ipcoherent contributions to the total
scattered intensity.due to the background, the
substrate, the elastic multiple scattering and
the inelastic thermal diffuse scattering were
substracted using the selfconsistent method
proposed by Nabitévich et al.(l3). The resulting
coherent scattered intensity was normalised to
the independent atomic scattering factor

(13)

£f . (s) and F(s) was then calculated accor-

el
ding to the equation (1) and is displayed in
Fig. 4.
Because of the termination of F(s) at
Soax = 9.0 A—l and the inevitable errors caused
by the incoherent contributions to the total ela-
stic scattered intensity just mentioned, the real
space data are of limited value and should serve
only as qualitative estimates of trends in real
space. They are displayed, together with the
measured reciprocal space parameters, in Table 1
where they are compared with work of Paul et al.

and Etherington et al.(7) .

IV. THE STRUCTURAL DATA - GENERAL TRENDS

The general trends in the Table 1 regarding the
usual standard parameters can be summarized as

follows:

14

(6)




1) 1In accord with previous results‘6’7),A there

does not seem to be any experimental evidence

in the present work for the disorder induced
variation in'fifst nearest neighbour distance

(the strength of the basic covalent sp® bond

is the same‘as in the crystalline phase and does

not have any'measurable dispersioﬁ around the mean
value), the whole of the firét nearest neighbour
peak width being accounted for by the temperature
broadening (assuming approximately the same
Debye-Waller factor parameters as in the crystal(7))-
‘2) The présent wérk results indicate quite a large
decrease in the number of first nearest neighbours
relative to the crystalline phase. The deduced value
of n, =~ 3.5 is smaller than both in the Ax—ray |

(6)

work of Paul et al. (value of 3.8 quoted) and

in the neutron déta of Etherington et al.(7)h
where the value of 3.68 was deduced. In view of
the different preparation conditions this discre-
pancy should not be considered to be too serious.
One very important conclusion can be drawn from
the present work and the results of X-ray and
the neutron investigations, namely that the first
nearest neighbour co-ordination in amorphous ger-
manium is appreciably less (3.6 - depending on
the prgparation conditions) than in the corres-

ponding'crystalline phase (4.0).  This decrease

(of the order of 10%) relative to the crystalrhas



to be considéféé;és an important difference and

it is boundrtprfffect even the calculations of
the:electronic?ground‘state of amorphous germani-
um(l4), especially at the extremities of the
respective bands. It is interesting to note that
as the preparaﬁion conditions are improved and

the resulting amorphous germanium films are more
stable, the number of the first nearest neighbours
tends to decrease giving an indirect support to
the topological constraints when forming a "good",
stable, bulk glass as suggested by Phillips(ls)
(the best glass formers having the nearest neighbour co-
ordination number between two and three);

The nearest neighbour co-ordination number of some

3.5 in thin a-Ge films found in this work correla-

tes well with in-situ density measurements on the

(16) where an appreciable density deficit

same films
(~15%) relative to the crystalline phase was found.
Although the result was somewhat thickness dependent
(for thicker samples the density deficit was less -
some 3% for 1 micron thick film) it indicated that
contrary to the previous measurements there is a
clear tendency towards a formation of less dense

structures in class A a-Ge films. Further confirma-

tion of this result came from in-situ optical measure-

(17) <

ments where the low energy (E = 0.5 eV) refrac-
tive index n in the same films was found to be

lower than in the crystalline phase (the value of



n ~ 3.6 was fbund in thin films with density deficit

of 15%).

It has to be stressed that the low value of the nearest
neighbour co-ordination number found in the present

. work merely confirms the previous and more precise

structural investigations of a-Ge using X-rays(6)

(7 and therefore it has to be con-

and slow neutrons
sidered as an important and general experimental fact.
It is surprising that this valuable structural infor-

mation has gone unnoticed in the previous discus-

sions of the structure of amorphous germanium.

3) The number of atoms in the second co-ordination

. shell-n, has been found to be 13.5 and it is somewhat

(6)

larger than the value deduced from both X-ray and

(7) investigations. This trend however

the. neutron
(increase in the second nearest neighbour co-ordination
number with improvement of the preparation conditions
—.such as the inCrease of the substrate temperature
dgring the deposition) is apparent already in the

(6)

X-ray work of Paul et al. Also interesting in

this context is the fact that a similar trend is
observed in some glassy metals(ls’lg), although the
cause of this tendency there (chemical short range
order) is formally somewhat different from the ére-

sent case (the point to be discussed further in the

following paragraph).



4) It could be argued that the results of the
present work also indicate a slight increase in

the first nearest enighbour distance (from

2.47 A to 2.50 A - '"softening" of the basic
covalent bond) and slight decrease in the second
nearest neighbour distance (from 4.0 & to 3.97 A).
These differences are however within the experimen-
tal error of the present,investigétion and should
be therefore considered only with a cautioﬁ. Clearly,
more careful experiments on samples prepared under
the same coﬁditions as in the present work are cal-

led for, to clarify this potentially important point.

V. PHYSICAL CONSTRAINTS CONCERNING THE STRUCTURE

OF a-Ge

In view of the presented structural results and those
of other investigations(6’7), it seems now worth-
while to summarise those experimental findings

which are most relevant when considering various
models for the structure of a-Ge. These findings
lead to some definite constrains and requirements

as to what general physical principles and approaches
one has to adopt when adressing the question of the

strucutre of a-Ge. These constraints can be summa-

rised in the following four points:

1) Nearest-neighbour co-ordination number is low

relative to crystalline value (approximately




3.6-3.8 compared with a value of 4.00 in the cry-

stalline phase).

2) The basic covalent bond is sp’ hybrid and there

is no measurable distribution in its length.

3) The electron spin density in class A films

especially is low - some 1018 spins/cm?.

4) The density of the films tends to be appreciably

lower than in the c:xgtal.v

At first sightlthere seems to be a conflict. On one
hand the aﬁoms‘are bonded by sp? bonds with some

10% of them‘beiﬁg appérently only 3 fold co-ordinated
and one therefore ekpects a felatively large .

(~ 1021 cm-3) free spin density coming from the
unpaired valence electrons. On the other hand

however the experiments also show that the number

of free, unpaired spins in class A films especially
is some factor of lO3 less. It is therefore clear
that most of the "free", unpaired electrons have to
pair and form diamagnetic éntities, but these are

not sp’ bonds.

A possible and quite natural explanation to this pro-

(8) of an

blem is offered by Anderson's concept
attractive effective interaction between two elec-

trons in some diamagnetic glassy semiconductors.



The local-disﬁortion of the lattice dué to the
charge—lattice interaction whenrtwo elgctrons are
placed on a "site" can be so large, that it off-

sets the repulsive Coulomb interaction between them‘
and the,électron pair together with the lattice
distrotion form a "diamagnetic bond" wﬁich can be
nearly as stable as the standard sp® bond itself.
Using this concept it is therefore easy to understand
why most of the valence electrons in .a-Ge which

do not participate in directed covalent sp® bonds

pair diamagnetically any way.

The question remains what are the "sites" where

the electron pairing (to be distinguished from sp’
covalent bonding) occurs, how many of them there
are in an amorphous semiconductor such as stable
a-Ge film and what is their possible origin?

From the above arguments it follows that the density
of these "sites" should be some 5-10% of the atomic
number density and for this reason they can not
really be considered as defects, but rather as an
integral part of the structure itself. As to the
possible nature of the electron pairing sites, a
very plausible and interesting theoretical model

(9,10)

was developed recently by Klinger to account

for low temperature behaviour in amorphous and glassy
semiconductors, which is general enough to be exten-
ded to present case. The essence of the model lies

in postulating an existence in the random network of




relatively large number of microscopic-régions
(one to few atoms) where the interatomic.potential
is highly non-linear and large at§mic displacements
are possible with no appreciable increase in the
lattice strain energy ("critical atomic poténtials"(g’lo)-
Extending Anderson's concept to this atomic model,

it was possible to'account for é number of electro-

nic phonomena observed in glasses such as light in-
duced metastable paramagnetism, photostructural chan-
ges, quenching of the photoluminescence, presence of

the ndn—radigtive recombiﬁation channels in the
photoluminescence and others. In.particﬁlar it was
possible to show that electron selftrapping can indeed
occur at the “gritical atomic potential sites" and

that two electron states are more stable than the

singie electron ones. If the electron pairing "sites"‘
discussed above are identified with Klinger's "cri-
tical atomic pbtential sites", it is also possible to
speculate about their origin as coming from the prepa-
ration process itself. In glassy semiconductors (pre-
pared by quenching the mélt) they can be considered

as ffozen-in fluidity modes reflecting the highly
non-linear nature of the interatomic potential in

the fluid state. They are identified by Klinger some-
what differently - simply as frozen-in fluid atomic
density fluctuations.

k(12)

In the recent wor the idea of viewing the chal-

cogenide glasses as thermodynamic "defect" semi-



conduééofs was raised and can be related to Klin-
ger's "critical potential sites".

In'thié context the formation of an amorphous ger-
manium should be considered as spatially local
(non-ergodic) minimisation of the total energy

of the system througﬁ covalent bonding plus elec-
tron pairing with the appropriate lattice distor-
tions at the electron pairing "sites". It is im-
portant to stress at this point that in this picture
the 8-~N bonding rulefis assumed not to be valid,

the assumption which is of course born out by expe-
riment. The relative concentration of the electron
pairing "sites" is determined by the energy and time
considerations during the preparation process.

VI. THE DIFFRACTION PRE-PEAK AT 1.2 A_l

The second important and qulitatively new feature in
the diffraction pattern shown in Fig. 2 (the feature
is of course seen also in Fig. 4, although here it
is somewhat smaller due to scaling with s and
possible normalisation errors) is the observation

of an extra maximum (relatively sharp!) in the total
scattered intensity at the value of s = 1.2 AL

This is the first time that what is known in lite-

rature as the "First Sharp Diffraction Peak" - FSDP

has been identified also in the elemental tetrahedral-

ly bonded amorphous semiconductor. Although relative-

ly weak (comparable in strength only with higher order

diffraction peaks), this feature is nevertheless




sharp and strong enough (see’Fig. 2) to be conside-
red as an important new experimenfal findingA(the
trace in Fig. 2 is a direct output from the diffrac-
tion experiment independent of any possible subsequent
analysis in terms of normalisation and/or separation
into a coherent, single scattering event elastic part

and an incoherent part).

The significance of the FSDP observéd in the present:‘
work on amorphous germanium lies therefore cle#rly

in its very existence rather than in the possible

way it might affect the real space structural results;
here the effect will be understandably small because
of the pre-peak's relative weakness when compared with
the first two diffraction peaks (see Fig. 3) which
will carry the main weight in the Fourier analysis..
In this sense it is therefore.its e#istence that might
serve as an important test for any real space struc-
tural model for the stable, amorphoﬁs germanium (class
A films) since it represents an extra feature in the
diffra¢tion paﬁtern at low values of s that has to
be reproduced, when any such model is Fourier trans-

formed into the scattering space.

It should be mentioned at this point that although it
is not clear precisely why the FSDP has not been ob-
served in a-Ge in the previous structural investi-
gations, the most likely explanation is the diffe-
rence in the preparation conditions between films of

class B (the previous investigations) and thin films of



class A (present work). ‘The other important difference

lies in the temperature of the measurements
(300 K in the previous investigations and 77 K

in the present work).

FSDP - The general trends.

The existence of the FSDP in disordered systems has

been known for some time. It has been observed in

"proper"” bulk covalent glasses such as Aszss(ZO),
As,Se; (21, Ge 5,(%%)  Ge se, (?¥, si0,?*, but
also in elemental amorphous Sb(zs), P(26),

As(27'28), and even in some metallic glasses and

liquid metal alloys (18,19,29) = ppe experimental

and theoretical situation around FSDP has been

(15)

reviewed by Phillips and more recently by Moss

and Price(30). vVarious models have been put forward

to explain the existence of the FSDP in each parti-

cular material or group of materials. They range from

(19,31)

the concept of local chemical order (metallic

glasses and liquid metal alloys) to various cluster

(30,31) (15) (covalent

models and layered structures
bulk glasses). However, despite the occurrence of
this phenomenon in different disordered materials,

only recently an attempt to look for a more general

(30)

explanation has been made in terms of Random

Packing of Structural (molecular-like) Units (RPSU).

Bearing in mind the obvious differences among the

various disordered systems exhibiting the FSDP (and



therefore the poésibility of different physical causes
for the occurence of the FSDP), it is temting, in

the light of the present work and the experimental
evidence available so far, to look for some under-
lying principles and tendencies, common to all of
these systems. To characterise the FSDP, when it is

observed, it can be said, that the existence of the

FSDP does not seem to depend on

a) nearest neighbour coordination (from 2-3 in
chalcogenides glasses to more than ten in metallic
glasses),

b) the. nature of bonding and/or fhe electfoﬁic
structure of the system (amorphoug metals, semiconduc-
tors and insulators, exhibiting what is beiieved to

be metallic, covalent and partically ionic bgnding

all show FSDP) and

¢) the number of the constituents in the system (both
elemental and the multi—componen£ disordered system

exhibit FSDP).

The strength of the FSDP on the other hand does seems

to depend generally on the "quality" of the glass (at
least in the covalent disordered solids). Better the
glass is, S£ronger and more persisten£ is the FSDP(IS)
(the definition of the guality of the glass as given

(15) is adopted here i.e. as the inverse

by Phillips
of its minimal quenching rate - the slowest cooling
rate which can be employed without crystallisation

of the supercooled liquid). The second very important




propeffy of the FSDé is the dépendence of its strength
on temperature. In well annealed films and in bulk
glasses this does not follow the usual Debye-Waller
féctor temperature dependence, but on contrary it seems
that the amplitude of the FSDP if anything, increa-

(21)

ses with increasing temperature and in some

cases it does so all the way through glass transition
temperature and into the liquid phase(23). This sug-
gests strongly that there are some definite dynamical
effects that have to be taken into account when an
attempt is made to explain the origin of FSDP.

This temperature caused dynamical effect observed in
well annealed films (and in bulk glasses) should be
considered separately from the effect of annealing
on the strength of the FSDP in as-deposited films of

(20) where structural relaxation

for example a-As;S;
seems to play a dominant role (a point to be discus-

sed in the following paragraph) .

Two characteristic features seem to be common to all
disordered systems, exhibiting the FSDP. These are
the existence of the disorder (manifestation of non-
ergodicity of the system) itself and the density de-
ficit (usually 2 10% below the crystalline phase,
where such phase exists, although only a few percent
in metallic glasses, the difference reflecting the
effect of the nature of bonding and the easiness of

denser packing in these systems - increased nearest-

neighbour co-ordination). The present work on a-=Ge




supports this view since, contrary to previous results,
in-situ measurements of the density in this work revea-
led a relatively large density deficit with respect to

crystal(le).

(15,31) to explain the existence

The previous attempts
of the FSDP were usually quite specific, relating to
some real space feature, characteristic of the parti-
cular system under investigation. However, in view

of the "sharpness" (FWHM) of the FSDP (all real space
correlations have to contribute through a weighted
Fourier‘transform to the scattered intensity)and the
generality of occurence, these models are too restric-
tive and therefore somewhat unlikély. A step in the
right direction has been taken recently by Moss and

Price(30)

who showed that a number of structural ob-
servationé'can bé explained qualitatively (and in some
cases also quantitatively) by viewing the structure of
disordered systems exhibiting thé FSDP as random packing

of microséopic (molecular like) structural units (RPSU).

Here the word random means averaging over all spatially
péssible orientations of the elemental molecular
structural unit. The spacing between thé centers of

the structural units has a reasonably well defined

mean value over a characteristic correlation (coherence)
length. It is the size of the elemental structural

units and the characteristic coherence length that gives

rise to the FSDP and its width respectively.



There is some evidence that this approach (RPSU) -
correlated reasonably well also with some aspects
of the electronic structure (electron band structure).

(32) when prepared

An amorphous Arsenic for exampile
on low temperature substrates (77 K) (atomic mobility
low), seemed to form a moleculér—like iﬁsulating'
solid film which was transpareht in the optical fre-
guency spectrum and had a very high resistivity,
supporting the RPSU model, structural units being
here As "molecules" where n 1is a small number
(electronic structure based on very weakly coupled
set of a single units leading to large optical gap
and very high electrical resistivity typical of a
molecular Asn).

On annealing the electronic structure changed dra-
stically, the "intermolecular" interactions becoming
increasingly important, leading eventually to the
formation of Continuos Random Network (CRN) with a
typical semiconducting behaviour (lower electronic

band gap and appreciably lower electrical resistivi-
ty) . The strength of the FSDP in this temperature range
(annealing up to a "glassy", stable CRN state) would

be expected to decrease with increasing temperature

through this structural relaxation and the experi-

As;S3 films indicate that this is indeed

(20,33)

ments on
the case {the amplitude of the FSDP in as-
deposited evaporated films decreased ©on annealing to the

value characteristic of the bulk glass). On further




increase in -the temperature however the FSDP

generally increases in amplitude through the tem-
perature dynamical effect as had been mentioned
previously. It is in this respect that the RPSU
model must not be taken too literally but should

be rather considered as an indicator of a tendency
of é system to."order“ (minimise its total energy)

on an ihcreasiﬁgly smaller spatial scale with in-
creasing degree of non-ergodicity (limiting the
atomic motions): in the syétem during the prepara-
tion process (for example-by increasing the quen-
ching rate when preparing a glass from the melt or
by increasing the evaporation rate and/or decrea-
sing the substrate temperature when preparing an
amorphous.film by vapour cohdensation).

It will be argued in the nekt section that in well-
annealed, stable films and in bﬁlk glasses'this range
reflects the spatial range over which the effective
one~-electron bbnding interactions are finite(l4’34’35)
and that it is this spatial range that is responsible
for the "real space range of atomic correlations" and
the existence of the FSDP. A decrease of the range of
electronic bonding interactions through an increased
degree of non-ergodicity will eventually lead to the
above discussed RPSU model describing more or less
correctly both the electronic and the structural pro-

perties of the system under consideration. The ten-

dency for short range chemical order seen in some



(19)

metallic glasses can be also linked in this
way to the finite spatial range of the effective
one-electron Hamiltonian. On the other hand an in-
crease of the spatial range over which the system
will minimise its energy (increasing the degree of
ergodicity through iﬁcreased atomic mobility) will

lead to the formation of the microcrystalline, poly-

crystalline and monocrystalline phase.

THE POSSIBLE ORIGIN OF THE FSDP

In view of the experimental evidence and models dis-
cussed above, the present attempt to explain the FSDP
rests on the general concept of non-ergodicity in dis-

(35) and on the dynamics of atomic

ordered systems
motions. The basic notion is that through limiting

the energy and/or time scales during the formation of

a disordered solid (either from the melt or by evapo-
ration), the system is effectively forced to search

for a minimum energy state on a progressively smaller
spatial scale (the system is idealised by assuming

that effects due to walls and surfaces can be neglected
- at least in the first approximation). This spatial
scale is not a single, precisely defined length scale,
but it should be rather considered as an "effective
spatial range", discribed perhaps by some algebraic
decay R_n(l6), where R is a spatial co-ordinate and

n is a characteristic exponent expressing the degree

of non-ergodicity (n increases with increasing de-

gree of non-ergodicity).




The effective attractive atomic potentialAwhiéh will
be "seen" by a valence electron responsible for bin-
ding and cohesion isApostulated to come from within(_
this "effective spatial range" r N , the rest of the -
potential béing effectively screened out very much -
in the spirit of the chemical pseudopotential con-
cept(l4’35) uséd for the real space calculations of
the electronicAstructure (bonding and cohesion) in dis-
ordered systems. Here a clear reference is being made
to now increasingly well-established notion in modern
theory of Condensed Matter, namely that the essentiél
‘properties of solids (such as for example the overall
density of one-electron states and the existence of the
band gaps, cohesion, general rigidity and others) are
.almost completely determined by short range effective
one-particle interactions (and/or by the local atomic

(14.34) " the new aspect in this context is

environment
an attempt in the present work to link the "effecti-
ness"”" of screening out more distant pérts of the
one-electron atractive atomic potential with the degree
of non-ergodicity in the system, which in the present
model manifésts itself through limiting the atomic
motions of the system. It is these mofions (quite

often diffusive rather than just oscillatory) that
allow the changes in the bonding (and therefore in

the topology of the atomic structure) to take place

and thereby allowing the system to choose the struc-

ture with minimum total energy. If impeded, other




bonding arrangements (topologies) will be taken
up by the system, including some more exotic possi-
bilities such as electron pairing in a homogeneous

(8)

structure as suggested by Anderson , electron

pairing at frozen-in fluid density fluctuations
("Critical potentials") suggested by Klinger(g),
formation of polarons and/or solitons, and possibly

other structure stabilising "defects"(l?).

Different topologies of these non-ergodic atomic
structures (as manifested for example by a-Ge

with nearest neighbour co-ordination of some 3.6)
makes them temporally stable at low enough tempera-
tures alghough in many cases they can be stable

all the way up to and through the glass transition
temperature.

Having made link between the degree of non-ergodi-
city during the preparation of a disordered film or
a glass and the corresponding "effective range"

R—n

of the one-electron attractive atomic potential
seen by the valence bonding electrons (it has to

be stressed at this point that the effective range
R™" is the same at each atomic site in the system) ,
it can be further argqgued that it is this range and
the corresponding effective one-electron Hamiltonian
describing the major electron bonding interactions
that in turn will determine the range of the atomic
structural correlations and the final static atomic

structure.

It is suggested that it is the range of the real




space atomic correlations and the way-they

decay in space that gives rise tolfhe existence
and the form of the FSDP in many disordered
materialé. To make a connection between the pre-
sent model (finite spatiai’range of the effective
one-electron bonding inferactions caused by thg
non-ergodicity of the system during'the prepa-
ration) and the Random-Packing of Structural
Units model put forward by.Moss and Price(30),

it is only necessary to realise that in the limit

of very lérgewdegree of non-ergodicity, the

valence eieétrons' orbitals will be so atomic-like
(molecular4like) that only a minimum interatomic
(intermolecular) interaction will occur leading .
to a»solid comprised of an assemby of very weakly
¢oupled (for example through Van-der Waals forces)
atoms and/or molecular units. The RPSU model can

be therefore considered.as a strong non-ergodicity
limit of the present model. Finally some few more
remarks should be made concerning the present

model.

Firstly, an increase in the aﬁplitude of the FSDP
with temperature (of the well annealed, stable films
or glassy specimen) means a further decrease of the
spatial range of the effective bonding interactions.
The proposed model therefore implies a relatively
very short range of the effective one-particle

(electron) interactions for a liquid in thermodyna-

mical equilibrium.



Secondly, the existence of the crystalline phase

in the proposed model is related to the ergodic
conditions of the preparation process in the fol-
lowing way. Firstly a sufficient energy (coming from
the external energy source such as owen, substrate

or a laser) is transferred quickly into the aﬁomic
motions (energy scales mentioned previously) and

then it is sugsequently released slowly (ergodi-
cally) to the external.environment (time scales
mentioned previously). In this way a gradual increase

of the long range order parameter is possible.

It is believed also that although the range of the
effective one-electron bonding interactions in the
crystalline phase (of for example germanium) is not
appreciably larger than in the disordered phase(l4)
the main reason for non-existence of the FSDP in the
crystal is related to its destruction through esta-
blished "infinite" range of real space correlations
{(the formation and growth of the crystalline order
parameter - three dimensional mass density wave for

example(34).

Thirdly, in one-component systems, the local spatial
range of one-electron bonding interactions. seems to
manifest itself through changes in the number of
neighbours in the first and second co-ordination
shell together with finite density deficit, leaving
the basic bond unaltered (in the first approximation),

all relative to the crystalline phase. In the multi-



component  systems on the other hand ( glassy metals
in particular) its manifestation seems to be through
a strong tendency towards a chemical short range

order(lg).

Fourthly, in well annealed, stable glassy films

(class A films) and also in the well-prepared, stable
bulk glasses the existence of the FSDP might be con-
sidered as a "range" parameter of one-electron bonding

interactions in the material.

Finally, the FSDP should be considefed as a very im-
portant testlfor mén of computer built structural
models in-that when they arelapp#opriafely Fourier
transfqrmed into reciprocal (scatté;ing) space, the
FSDP has.to be reproduced both in the positibn, but

also in its form.

VII. CONCLUSION

Thé atomic -structure of a-Ge films prepared in ultra
high vacuum by slow sublimation on heated substrates
was investigated by in—sitﬁ high energy electron dif-
f:action. From these and other complementary measure-
ments it was etablished that the films were homoge-
neous dpwn to 5-8 A4, that.they were stable temporal-
ly and that the density was appreciabiy lower than

in the crystalline phase. The‘amin structural results

can be summarised as follows:



1)

2)

3)

4)

5)

The strength of the basic sp’ bond is the

same as in the crystal.

There is no evidence for disorder induced
variation in the first nearest-neighbour
distance (all of the observed width of the
first nearest neighbour peak can be accoun-

ted for by temperature broadening) .

The nearest neighbour co-ordination of some
3.5 is appreciably less than in the corres-
ponding crystalline phase.

The free spin density in these films is low

-3

(~1018%m™3) .

On the basis of these findings it is argued

that an appreciable electron pairing (electrons
not participating in the direct covalent sp?
bonds) has to occur in a-Ge films of class A.
It seems also that the overall topology is not
that of four fold co-ordinated continuous

random network, but involves various other local

bonding arrangements.

What is known as a "First Sharp Diffraction Peak"
has been observed in these films at a scattering
vector of s ~ 1.287%1.

The existence of the FSDP was discussed in rela-
tion with other disordered materials exhibiting

this feature in the diffraction pattern. An at-

tempt was made to relate the non-ergodic nature of




the preparation process of amorphous films or
bulk glasses to the finite spatial rangerf the
effective one-electron bonding interactions. It
is argued that it is this range of Bonding.inter—
actiona that is responsible for the formation of
the_reai space static atomic correlations, but
alao for how these decay in real space. Both the
range of the correlations and the decay parametér
determine the existence and the exact shape of

the observed FSDP.
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Table 1 ~ Scattering space and real space structural

parameters determined from the present work

(6)

and from the work of Paul et al. and

‘Etherington et al.(?).
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FIGURE CAPTIONS.

Figure 1  Schematic diagram of the sample block,
the evaporator, the high energy electron

diffraction camera and the transfer device

(es = evaporation source,

rs radiation shield ms = mechanical

shuttef, gc = quartz crystal oscillator,

em evaporation mask, sb = sample block,

f filament, W = Wehnelt, a = anode,

~ca = condenser aperture, dc = deflector
coils, cl = condenser lens, sc = scanning
coils, e,eqg .= energy'analyser electrodes,

"ap = aperture, sc = scintillator).

Figure 2 Plot of elastically scattered unnormalized
electron intensity versus scattering vector
s for a-Ge films. Scattered intensity

from the substrate is also shown (dashed line).

Figure 3 High resolution electron micrograph of
a-Ge films investigated in this work

(Bright field - magnification ~ 1,6-106).

Figure 4 Plot of the total interference function F(s)
versus scattering vector s for studied

a-Ge films.
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STRUCTURE AND THE EXISTENCE OF THE FIRST SHARP DIFFRACTION PEAK IN
AMORPHOUS GERMANIUM PREPARED IN UHV AND MEASURED IN-SITU

. VV
Petr Viscor

IMFUFA, Roskilde University Center, Postbox 260,
4000 Roskilde, Demnmark.

The structure of "glassy" germanium films prepared by slow sublimation of
germanium on heated substrates in ultra high vacuum was investigated using
in-situ high energy transmission electron elastic scattering up to the
scattering vector & = (47/A). sin & = 10 A7+ ,

It is shown that on the basis of the presently available experimental evi-
dence, there exists a number of important physical constraints as to the
structure of amorphous germanium. Furthermore, a diffraction pre-peak at
the scattering vector s =~ 1.2 A-1 has been observed, the first such ob-

servation in tetrahedrally bonded elemental amorphous semiconducior.
This result is discussed in light of similar observations in other dis-

ordered systems.

1. INTRODUCTION )
The most important parameters controlling the physical properties of
amorphous germanium (a-Ge) films (and other group IV elements) are the sub-

strate temperature, the evaporation rate and the cleanliness of the vécuum

environment during the deposition. Films prepared on heated substrates at

small evaporation rates (keeping the vaccum in the ultra high vacuum range

i

2 5 « 10 1o torr) and referred to here as class A a-Ge films, differ marked
ly in their physical properties from those films (referred here to as class B
films) prepared on low temperature substrates (< 300 K) using high evapora-
tion rates (2 5 ~ 10 A/sec.).

The difference is most noticable in such properties as electron spin reso-
20_l

nance (S lO18 spins/cm3 in class A and 2 10 O21 spins/cm3 in class B),

optical properties (very little or no shift in the optical absorption edge

on annealing in class A and "large" shifts of the optical absorption edge

on annealing in class B), d.c.electrical transport (no parallel shifti of the
-/4
on

log of the d.c.electrical conductivity OD c versus temperature T

annealing in class A .and large parallel shifts of the log of the OD c. ver-

1 . . ,
sus T /4 on annealing in class B) and the atomic structure (a homogeneous

structure down to the electron microscope "resolution limit" 5~8 A in class A
and inhomogeneous, "crack-like" columnar structure (characteristic dimension
of ~ 10-40 A - small angle scattering) seen by the electron microscopy stu-

dies of class B films). Despite the above mentioned differences there seems




1 .
to be a clear tendency of class B films to anneal towards state A( ). Since the
2 . . , . :
structural measurements (both x—ray( ) and neutron(3) elastic diffraction) have

been performed on class B films, the present structural investigation has con-
centrated on class A films.

2. THE EXPERIMENTAL RESULTS

The principal result of the present investigation is shown in Figure 1. He-

re the scattered intensity (not normalised) from a-Ge film is plotted against

the scattering vector s .

Intensity (arb.units)

———

lllllll]l
9 8 7 6 5 4 3 2 1
s /X&'
FIGURE 1 ' FIGURE 2

As can be seen from the Fig.l, the four first diffraction maxima are well re-
solved in the raw data and their positions agree well with previous diffraction
studies. '

The important and qualitatively new is however a feature observed at appro-
ximately s o 1 A_l (marked FSDP).

It has to be pointed out that a—Ge'films investigated in the present work
were mlcroscoplcally homogeneous as is demonstrated in Fig. 2, where brlght
field high resolutlon electron micrograph (magnification appr. 2.3 lO ) of the
studied a-Ge films does not resolve any inhomogeneities down to the resolution
limit (some 5-8 A). Because of the termination of the scattering experiment at
Spax = 9.0 A_l and because of the inevitable errors caused by the incoherent
contributions to the total elastic scattered intensity, the real space data are
of limited value and should serve only as qualitative estimates of trends in the
real space. Nevertheless they are displayed together with the measured recipro-

cal space parmeters in Table 1, where they are compared with work of




(2) and Etherington et al.(3).

Paul et al.

TABLE 1
- - S —— R ————— e
Reciprocal space ) H - Real space -
:
- - : il P - - o —
Diffr."actj.on Paul et al. qEtherington present) nearest I Paul ct al. E**:'it':'.s.‘rinm_:,)n jpresent work
ring s()\'l) E s(l‘\—l) "."”.']51 " neiahbour v (M) f n i {4y 1on ! . n
Jbos(A e : : _ir (A :
T Ll . 1 1 - I H B Tttt o
i i : i ; i
1 1.92 1.925 2.03 | 1 |2.47 3.8 12,46 3.08 ; 2.50 3.5
_ _ - - H i ——i R P S
2 3.45 3.450 | 3.52 ﬁ 2 i4.00 hz.4 f4.00 12011 3.97 D135
3 5.48 5.462 i s5.40 ! 3 R6.00 ¢ - 6.03 | -~ | 6.05 ; -
" e i N
4 .. 6.45 1 6.45 i 6.30 )
' - - . [
5 8.39. 8.351 - 7.7 i
i - i'th nearest neighbour in real space
r‘(,'\) - real space position of thc i'th nearest ncighbour
n = number of i'ith nearest neighbours

. ' . . 2,3
In view of the present investigation and those of others( ! ),

it seems now
worthwhile to éummarise thcse evrerimental findings which are most relevant
when considering various models for the structure of a-Ge. These findings lecad
to some definite constrains and requirements as to what general physical prin-
ciples and approaches one has to adopt when adressing the question of the
structure of a-Ge. These constrains can be summarised in the following four
points:

1) Nearest-neighbour co-ordination number is low relative to crystalline value

(approximately 3.5-3.8 compared with a value of 4.00 in the crystalline phase).

2) The basic covalent bond is spa hybrid and there is no measureable distribu-

tion in its length.

18
3) The electron spin density in class A films is low - some 10 spins/cm3.

4) The density of the films tends to be appreciably lower than in the crystal.

3. THE DIFFRACTION PRE-PEAK AT 1.2 R ©

The important and qualitatively new feature in the diffraction pattern
shown in Fig.l is the observation of an extra maximum (relatively sharp!) in
the total scattered intensity at the value of s= 1.2 A-l. The existence of the
FSDP in disordered systems has been known for some time, but only recently an
attempt to look for a more general explanation has been made 4) in terms of
Random Packing of Structural (molecular-like) Units (RPSU) explaining a number
of structural observations. The RPSU model should not be taken too literally,

but should be rather considered as an indication of a tendency of a system to

"order" (minimise its total energy) on an increasingly smaller spatial scale




with incereasing degree of non-regodicity (limiting the atomic motions) in the
system during the preparation process (for example by increasing the quenching
rate when preparing a glass from.the melt or by increasing the evgporation rate
and/or decreaéing the substrate temperature when preparing an amorphous film by
vépour condensation). It is suggested that the efféctive atomic potential which
will be "seen" by valence electrons responsible for bindipg and cohesion comes
from within this "effective spatial range", the rest of the potential being ef-
fectively screened out very much in the spirit of the chemical pseudopotential
concept(S). The new aspect in this context is an attempt in the present work to
link the effectivness of screenin§ out increasingly closer parts of thg one-
electron attractive atomic potential with increasing degree of non-ergodicity.
If the atomic motions (quite often diffusive rather than just oscillatory) that
allow the changes in the'bonding (and therefore in the topology of the atomic
structure) to take place (thereby allowing the system to choose the structure
with minimum total energy) are impeded, other than usual Bonding arrangements
{topologies) might be taken up by the system, including some more exotic possi-
bilities such as électron péiring in a homogenous structure as suggested by An-

()

derson , electron pairing at frozen-in fluid density fluctuations ("critical

(
7), formation of polarons and/or bipolarons

‘potentials”) suggested by Klinger
' (8)

and possibly other structure stabilising "defects" it can be then furtherar-
gued that it is this spatial range describing the major electron bonding inter-
actions that determines the atomic structural correlations in the final static
atomic structure and that it is the range of these atomic correlations and the
way these decay in space that gives rise to the existence and the form of the

FSDP in disordered materials.
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