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Optical-absorptionMge measurements and 1bunan scattering experiments on Ge„Se, , glasses are
reported for the range 0 & x g 0.4. The change in the magnitude of the crt~i~ peaks of Raman spectra
(localized about 195, 215, and 250 cm ) and the variation of the optical-absorption edge as a function

of x lead to a model of local structure for x g 1/3. In this range of concentrations, germanium atoms

are coordinated with four selenium atoms. There is no Ge-Ge bond, and furthermore, Ge-Se-Ge sequences
remain scarce as long as the germanium concentration of the mixture makes it possible.

I. INTRODUCTION

The interest of dealing with a binary system is
to supply a parameter x (atomic percentage of
germanium) that one can vary continuously, lead-
ing to different measurable effects. From this
point of view, the Ge-Se system is very attractive,
since it allows the formation of glasses in the
range x = 0 to about x = 0.42. Furthermore the
variation of x induces significant changes in the
optical properties related to the electronic struc-
ture, as well as changes in the Raman spectrum
related to the local atomic structure.

Optical-absorption-edge curves of Ge„Se&
„

glasses and their Raman scattering spectra for a
large number of x values are presented hereafter.
To the best of our knowledge, it is the first system-
atic study of the optical-absorption edge of an
amorphous mixture. We develop a structural mod-
el for these glasses from our experimental results
and their dependence upon x. This model is used
to determine the coordination numbers of germa-
nium and selenium atoms and to explain the chemi-
cal bonds existing in the Gene, , glasses.

The phase diagram of the Ge-Se system has been
investigated by many authors. ' We reproduce in
Fig. 1 a phase diagram compiled from the most
recent papers. There are several crystalline
compounds in the Ge-Se system: first of all, the
single elements selenium and germanium. Three
crystalline selenium varieties are known. The
trigonal one, isomorphous to the tellurium crystal,
is made up of helicoidal chains. The two mono-
clinic forms (a and P) are Ses ring shaped, similar
to the Ss sulfur rings; they differ from one another
mainly by the stacking of the rings. The selenium
coordination number always remains equal to two
and the distance from an atom to its two first neigh-
bors is hardly altered when passing from one vari-
ety to the other one. The other elementary crystal
of the system is the well-known germanium crys-

tal. Furthermore, there are two binary crystals:
the germanium mono- and di-selenides.

The germanium monoselenide GeSe crystallizes
in the orthorhombic system. Its structure, of
the distorted NaC1 type, is characterized by the
double layers normal to the c axis and recalls the
arsenic structure. This grey metallic-looking
single crystal is easily cleavable in a direction
parallel to the double-layered plane. Each seleni-
um atom has three Ge neighbors and vice versa.

The germanium diselenide (Gesez) structure has
not been yet determined. We assume that it is
made of tetrahedra with four selenium atoms at
the corners and one germanium atom at the center,
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FIG. 1. Phase diagram of Ge-Se system. a: 218'C
(2); b: 580'C (3), 578'C (4), 573'C (5) c: 630'C (3),
603'C (5); d: 627'C (5) e: 660'C (4), 651'C (5) f.
666'C (4), 661'C (5); g: 740'C (3, 4, 5); h: 900'C (4),
890'C (5). X at. % Ge=8 (2); Y: at. $ Ge=38 (3), 40-42
{4) 43 (5). Z: at. %%u0Ge=88-8 9{4), 86(5). {2):Dembovsky
et al. ; (3): Vinogradova et al. ; (4): Ross et al. ; (5):
Quenez et al.
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each selenium atom being shared by two neighbor-
ing tetrahedra. This assumption is supported by
the great similarjty of the Ge-S and the Ge-Se
systems; on another hand, GeS~, the structure of
which has been investigated, ~ actually presents
this type of configuration with a distorted tetra-
hedron. GeSe~ is a yellow transparent cleavable
crystal. It may be prepared by the Bridgman
method or by a liquid-encapsulated growth tech-
nique. ~

The ability of obtaining glasses from germanium
and selenium in the Se-rich part of the diagram has
been reported. We succeeded in preparing
glasses in the whole range 0 ~x ~ 0.42, and conse-
quently for the GeSe~ composition. These glasses
exhibit no x-ray diffraction lines, The thin plate-
lets (a few hundred microns), the composition of
which is close to GeSe&, appear dark red when
looked through.

The properties of selenium in the field of optics
and lattice vibrations have been dealt with in many
papers: for example, the optical-absorption edge
and the ref lectivity of trigonal, ' monoclinic, '
and amorphous ' ' selenium; Baman scattering in
trigonal, e-monoclinic, and amorphous selenium,
and also infrared transmission. By contrast, the
properties of the vitreous and crystalline GeSe
compounds are not so well known. Some papers
about crystalline GeSe (electrical properties, ~~

optical-absorption-edge measurements using npn-
polarized light with an incidence normal to the
cleavage plane and photoconductivitym') and about
Ge,Se, glasses (electrical properties, "'""
thermal conductivity, ~a infrared transmission~)
may be quoted. The electrical resistivity of the
glasses is always very high at room temperature
(above 10'~ 0 cm).

The structure of amorphous Ge„Se,, films has
been investigated by Fawcett et ul. ' using energy-
filtered electron diffraction for the composition
x=O, x=0.32, x=0.56, and x=0.73. They only
considered the possibility of coordination numbers
four and two for germanium and selenium, respec-
tively, from x = 0 up to x = 1, even in the neighbor-
hood of the GeSe composition; and they compared
the mean coordination number per atom n„mea-
sured in glasses to the values obtained with two
theoretical models. In the first model, germani-
um and selenium atoms are coordinated complete-
ly at random ("random-covalent model" ); in the
other one, Ge-Ge bonds are forbidden ("chain-
crossing model" only possible for x ~ 3). For x
= 0.32, the two theoretical values of n„areequal
and do not aBow us to draw any conclusion about
the existence of the Ge-Ge bonds. For x=0.56,
the random-covalent model does not seem to agree
completely with measurements. For x =0.73, the
agreement is satisfactory.

II. PREPARATION AND CHARACTERIZATION OF
MATERIALS

The starting materials are highly pure: intrinsic
germanium with a 50-0 cm resistivity (Vieille
Montagne) and selenium 99.995% (Mining Chemical
Products). The two elements are introduced in a
quartz ampoule-internal diameter 17 mm-pre-
viously cleaned and outgased at 300 'C, then evacu-
ated to 10 Torr and sealed. This ampoule, held
in a rocking furnace, is rotated in an alternating
way so that good homogenization can be obtained
when the mixture has melted. After a 24-h plateau
at a temperature between 700 and 900 C according
to the composition, the compound is cooled more
or less rapidly, depending on the germanium con-
centration (quenching is necessary for the com-
pounds near selenium and GeSel). The ingots are
sliced, then mechanically polished to give samples
with flat parallel faces, the thickness of which is
between a few centimeters and 100 pm. With'
chemical thinning of polished 100-p. m samples,
the thickness can be reduced down to a few microns,
while the surface quality remains good enough.

The uniformity of composition is tested by chem-
ical analysis (colorimetry); the x variations so re-
vealed in the ingots are less than 3% in relative
value. These results are corroborated by the ob-
servation of the samples with the electron micro-
probe. Furthermore, the vitreous state of the ma-
terial can be checked by the x-ray diffraction spec-
tra, exhibiting no diffraction line. (The measure-
ments are carried out with a powder goniometer
Philips using the Cu Xa, radiation; the receptor is
an amplitude-discriminating scintillator. )

On the other hand, the transmission-electron
microscopy cannot be used, at least for Ge con-
centrations less than 25 at.%, because of the sele-
nium sublimation under the action of the electron
beam. For x&0.25, the recrystallization of the
compound into GeSe~ disturbs the experiment.

The examination of carbon replicas by electron
microscopy demonstrates the homogeneity of the
compounds, in the limit of the resolution power
(about 100 L), except for very few bubbles with a
diameter of about 1 p, m that have been revealed
by this type of analysis. An observation of the
samples by infrared-transmission microscopy
showed that the precipitates, reported by Vasko, ~
who assumes thai they account for the crystalline
GeSe& structure, are quite scarce and very small
(about 10 y, m).

The infrared-transmission study indicated that
the absorption line near '150 cm ' (probably due to
oxygen) is extremely weak and that, as Vasko
pointed out, the magnitude of the absorption line
which appears at about 560 cm ', increases with
the germanium concentration.
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FIG. 2. Anti-Stokes Raman spectra of Ge„Se~~glasses
(0&& &0.4).

III. EXPERIMENTAL RESULTS

A. Raman Scattering

Generally, the absorption of the investigated
Gene, glasses is strong in the visible spectrum,
which involves difficulties in obtaining Raman spec-
tra. All the lasers classicaQy used in the visible
range are to be discarded, for the energy density
that the sample can bear without being evaporated
does not allow the disposal of an easily detectable
signal.

The measurements we report in this paper have
been carried out with the help of a 1.06- p, m yttri-
um aluminum garnet laser with a power adapted to
each sample but always near 1 %. The spectrome-
ter was made by Coderg (PH-1 type). The detec-
tion is essentially made up of a S1-type cathode
photomultiplier, cooled at about —70 C. Taking
account of the variation of the photomultiplier sen-
sitivity versus frequency, on the one hand, and of
the effect of Bose-Einstein statistics upon the line
magnitudes on the other hand, the Stokes and anti-
Stokes spectra supply rather equivalent informa-
tion.

Figure 2 displays the whole of the significant
experimental results, obtained from the anti-Stokes
spectra, in the range 150-350 cm '. lt is notice-
able that a wide inelastic scattering band appears
within the interval from 30 to 140 cm ', but its
structure is not clear at all, and it seems hard at
present to draw accurate information from it.

No quantitative comparison can be made between

experiments because of fluctuations of laser-beam
power and because of unavoidably irreproducible
optical arrangements. However, some normaliza-
tion being necessary, we took the 195-cm ' line as
a reference, and assigned to it an intensity pro-
portional to the germanium concentration, for rea-
sons that will appear clearer further on in the dis-
cussion. This line is only missing for the pure-
selenium spectrum which was not normalized, but
simply plotted using a coherent scale with the
other spectra. Most of the spectra are the syn-
thesis of many recordings made in similar experi-
mental conditions, except for the 5-at.go-Ge sam-
ple, which could not be very accurately measured
because of its great intolerance with regard to
the laser beam; in this latter case, the comparison
between the intensities of the lines at 195 and 250
cm ' is more doubtful than for the other spectra.

The Raman spectrum of crystalline GeSe2 was
also achieved under classical experimental con-
ditions with a krypton laser. These results, which
will be the object of a further publication, show
that a high-intensity peak exists at 213 cm ', and
a weaker but significant one at 195 cm '.

8. Optical-Absorption Edge

The measurements were performed with a HRS
1 Jobin- Yvon monochromator, fitted with 1220-
lines/mm gratings. The output signal of the pho-
tomultiplier was detected with a lock-in amplifier.

All the absorption measurements (Fig. 3) have
been performed at room temperature. The curves
relative to trigonal selenium, e-monoclinic seleni-
um, and crystalline GeSe, were drawn from Refs.
18, 21, and 27. We give our own results for crys-
talline GeSe~ using nonpolarized light with an inci-
dence normal to the cleavage plane (which includes
two major crystalline axes). The absorption
curves using polarized light have a few differences
with the former curve, but these differences are
small compared with those existing between this
curve and the amorphous GeSe2 curve.

When the germanium concentration increases
from x=0, the absorption curve begins to drift
slowly towards the high energies; then shifting
becomes more swift. At the same time, the slope
of the curve decreases in a monotonic way, then-
does not vary any longer between x=0.3 and GeSe&.
At last, the absorption is rapidly shifted towards
the low energies, when x becomes larger than —,'.

In the range of the measured values of absorp-
tion coefficient n, three immediate conclusions
may be drawn:

(i) For a given photon energy, the optical-ab-
sorption coefficient varies, in a monotonic way,
versus x, between two definite compounds; it de-
creases from pure selenium to GeSe~ and increases
from GeSe& up to x=0.4.
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FIG. 3. Optical-absorption edges of Ge~Seq~ glasses.

(ii) For a given photon energy, the absorption co-
efficient is small for amorphous GeSe~ compared to
amorphous selenium (more precisely o.o~, &2

4
018eg

x10 as, ).
(iii) The absorption curves of amorphous and

crystalline GeSei are much more different from
one another (energy shift) than the curves of amor-
phous selenium from the curves of the crystalline
selenium varieties.

IV. DISCUSSION

Figure 3 shows that the optical absorption of
glasses with a germanium content inferior or equal
to GeSe, composition (x & 3)—to which this discus-
sion will be limited-is lower than the optical ab-
sorption of amorphous selenium, for a given pho-
ton energy. The glass absorption is indeed very
different from the pure-germanium absorption,
which is yet high for photon energies near 1 eV.

When mixtures (x ~ 0.42) crystallize due to an in-
tentionally slow cooling rate during preparation,
the x-ray lines appearing are always chara"teristic
of crystalline GeSe~, except for glasses with very
low germanium content (a few atomic percent) when
selenium lines are seen; on the contrary, for x
~ 0.43, the quenched mixtures are always poly-
crystalline and all of them show the lines of crys-
talline GeSe. The tendency of glasses to reorgani-

zation is undoubtedly directed towards the crys-
talline structure of GeSem, except for compositions
close to pure selenium; this prompts us to say that
(i) the Ge-Ge bonds do not appreciably exist, and
that (ii) the glass structure is locally similar either
to pure crystalline selenium, or to crystalline
GeSea, the amount of local GeSe~-like centers ob-
viously increasing with x.

These assumptions are supported by Raman
measurements which indicate that the statement
of basic differences in the nature of chemical bonds
between glasses and crystals (e. g. , coordination-
number changes of Ge or Se) may be discarded;
all the Raman lines of the glasses are indeed found
again, either in the pure selenium or crystalline
GeSe, spectrum (see below). We assumed that
crystalline GeSez was made of GeSe~ tetrahedra;
so, we allot the coordination numbers four and
two, respectively to germanium and selenium in
the glasses and, considering the above-mentioned
reasons, we consequently leave aside coordination
number three for both germanium and selenium,
which would correspond to a local crystalline GeSe-
like structure. %e do not take into account here
the unsatisfied valencies, because EPR investiga-
tions carried out on different chalcogenide glasses
lead to assume their number to be negligibles'
on another hand, the impossibility of substantially
modifying conductivity of chalcogenides by doping
is generally taken as a consequence of saturation
of aQ valencies.

Detailed examination of the case relative to
amorphous GeSez provides a good illustration of
the preceding considerations. For amorphous
GeSe~, a simple enumeration of bonds shows that
the possible existence of Ge-Ge bonds would in-
volve the existence of Se-Se bonds and reciprocal-
ly. Now, on one hand, the only x-ray lines after
recrystallization are the crystalline GeSe& lines;
on the other hand, the Raman scattering spectrum
of this glass shows neither selenium nor germanium
lines, and the only two existing lines are corre-
sponding to frequencies of crystalline GeSe, (195
and 215 cm i).

For glasses with germanium content higher
than x = 3, the ability of two germanium atoms to
coordinate, and/or the coordination-number change
of germanium and selenium, i.e. , the formation
of crystalline GeSe-like local centers, must be
taken into account. Our experimental results are
yet too incomplete for x & 3, to approach this prob-
lem.

A. The Model

The structural model we can develop from the
preceding considerations is made of germanium
atoms with coordination number four and selenium
atoms with coordination number two. All valen-
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ciesare satisfied. Two germanium atoms cannot
be bound together. This model can be used only
in the range 0 &x ~-,'.

In our model, we exclude a priori any possibility
of double bonds Ge-Se, which seems unlikely be-
cause of the tetrahedric structure of crystalline
GeSe„aswell as existence of Se, molecules.
These molecules are surely scarce, if even they
exist, in amorphous pure selenium (the lattice vi-
bration characteristics of which, as pointed out by
infrared absorption and by Raman scattering, di-
rectly derive from the trigonal and monoclinic
selenium characteristics); on the other hand, we
shall see that Raman measurements on the Gene,

„

glasses show that germanium atoms tend to be as
diluted as possible: for composition x=0.2, GeSe,
groups are linked together by Se-Se bonds, no atom
remaining available to form Se~ molecules.

We can finally note that the germanium and seleni-
um atomic masses are close together (respective-
ly, 72.6 and 78.96) and that the density of glasses
undergoes very little variation between x = 0 and
x = 0.4. In order to make our further calculations
simpler, we may assume that one atom either of
germanium or of selenium takes up equal and con-
stant volumes in the glasses, whatever x may be.

B. Raman Scattering

The spectra that can be seen in Fig. 2 show three
lines located at about 195, 215, and 250 cm '. The
line at 195 cm ', also appearing in crystalline
GeSe~, becomes visible as soon as germanium is
introduced, even in low concentration. It strongly
increases with germanium content and still per-
sists beyond GeSe~ composition; it is clear that
this line is characteristic of the existence of ger-
manium in the selenium environment ~

The line at 215 cm ', very close to the one at
213 cm, existing in crystalline GeSe~ appears
much more slowly than the previous one as ger-
manium concentration increases; it goes up to an

, 100x

10 15 20 25 30 33.3

FIG. 4. Haman lines intensities (1st model). ~: 215
cm (expt. ); +: 250 cm (expt. ).

intensity that can be compared to that of GeSe~,
and then completely disappears for the 40-at. /o-

Ge glass. We assume it has its origin in the se-
quence of three atoms: Ge-Se-Ge.

It is to be noted that the relative position of Ra-
man lines at 195 and 215 cm ' in an energy scale,
agrees well with what is suggested by the atomic-
masses ratio of selenium and germanium.

The line located around 250 cm ', which is the
only one appearing in pure selenium, may be con-
sidered, from the outset, as connected with the Se-
Se bond. It has already been obtained by other re-
searchers on amorphous selenium and different
crystalline varieties.

The shoulder located at about 230 cm ' vanishes
as soon as the glass content gets over 4 at. 'Pp of
Ge. From relevant literature, the 250-cm ' peak
is characteristic of Ses-ring-shaped selenium and
the 230-cm ' peak of the chainlike selenium. It
can be thought that a local configuration of the
selenium atoms, similar to monoclinic selenium,
is favored by the introduction of germanium. Due
to experimental sensitivity, this line is completely
removed for GeSe~ composition. The line that can
be seen around 300 cm ' for x=0.4 looks very dif-
ferent, and seems to have another origin than the
Se-Se bond. However, if the line located at 250

cm was strictly characteristic of the Se-Se bond,
its ihtensity would be proportional to the number
of these bonds, which-as we show further on —var-
ies as (l —3x) as a function of x. Now, Fig. 4
shows that this intensity is higher than that given
by such a dependence on x. Besides, it seems
right to admit that the vibration modes of a seleni-
um atom bound to a selenium atom, on one side,
and to a germanium atom, on the other side, are
not much different from the modes of such a seleni-
um bound to two selenium atoms; the germanium
atomic mass is indeed not much different from that
of the selenium, and furthermore, the above-men-
tioned selenium atom is always included in a linear
structure which differs little from the one found in
pure selenium. So, we admit that the vibration
modes of all selenium atoms not bound to two
germanium atoms are characterized by the lines
located at 250 cm '. This also explains why the
line shifts towards the high energies and broadens
for increasing values of x.

Now, we are going to check the coordination
numbers two and four, respectively, allotted to
selenium and germanium, as well as the nonexis-
tence of the Ge-Ge bond for x ~ —,', by calculating
the intensity variations of the three Rarnan lines,
from the structural model. So, the assignment
of the lines will be "a Posteriori" justified by the
agreement between calculation and measurements.
We assume that the lattice-vibration frequencies
only depend on the nature of atoms (germanium



5952 TRONC, BENSOUSSAN, QRENAC, AND SEBENNE

a gx a

il
A
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or selenium) and on their first neighbors.
In our lattice model, the four allowed sequences

of three atoms are as follows: Se-Ge-Se, Ge-Se-
Se, Ge-Se-Ge, Se-Se-Se.

In order to make counting easier, it is convenient
to consider the lattice as constituted of the follow-
ing two elements (Fig. 5): element A-a germani-
um atom bound to four selenium atoms; element
8-two selenium atoms bound together, each seleni-
um atom being shared by neighboring elements.
The structure of elements A and 8 precludes the
opportunity of coordinating two germanium atoms
together and there is a one-to-one correspondence
between the four above-enumerated sequences and
the elements A and the bonds AB, AA, and BB re-
spectively. Assuming that germanium and seleni-
um atoms take up the same volume, the number of
elements A per unit is varying as x, the number of
elements B as (1 —3x).

Statistical ca'. ulation made in Appendix A by
assuming that all configurations of the lattice AB
are equiprobable (provided that valencies are satis-
fied} shows that the number of each of the four se-
quences, respectively, varies vs x, as x, x(1 —3x)/
(1 —x), x /(1 —x), and (1-3x}/(1-x). The num-
ber of Se-Se bonds is equal to the number of ele-
ments B.

If our model is valid, the areas below the peaks
at 195, 215, and 250 cm ' should vary vs x as x,
xa/(1 —x}, and (1 —3x)(1+x)/(1 —x), respectively.
In Fig. 4, we plotted the theoretical curves and
the experimental points. By normalizing as we
did for the Raman spectra, the agreement is auto-
matically perfect for the 195-cm ' line. For the
two other lines, it may be seen that the experi-
mental variations are slower than it would be pre-
scribed by the model for x «0.2, and then faster.
This phenomenon may be interpreted by admitting
the fact that germanium atoms tend to be diluted
in selenium: two germanium atoms avoid to be
bound to the same selenium atom as far as ger-
manium content makes it possible. The new model
that can be derived for x «0.2 is made of the fol-
lowing two elements: element A—as defined above;
element C-one selenium atom, no selenium atom
being shared by neighboring elements.

In this new model, the line at 250 cm ' varies
as (1—x) up to x=0.2. For x &0.2, the number of
-' ~ium atoms not bound to two germanium atoms

linearly decreases with x and becomes null for
x= —,'. The line intensity at 215 cm ' is zero up to
x= 0.2 and then linearily increases with x. This
new model yet entails some discrepancies with
respect to measurements; the most significant
difference is the experimental emergence of the
215-cm line before x= 0.2 (Fig. 6). The position
of the corresponding experimental points-situated
between the curves derived from the two models—
suggests that the glass structure is, in fact, inter-
mediate between the two theoretical descriptions.
It is also likely that the existence of the line at 215
cm ' for x & 0.2 is partly due to local fluctuations
of composition-inducing zones where germanium
content is superior to 0.2.

C. Optical-Absorption Edge

The interpretation of the experimental results
will also be attempted only for compositions be-
tween pure selenium and GeSe2. It is known that
there can be only two kinds of bonds: Ge-Se and
Se-Se (the first considered being the bond existing
in crystalline GeSez). Then, we assume that a„
optical-absorption coefficient of the compounds,
is the sum of a seleniumlike absorption term and
of a GeSea-like term, respective weights of these
two terms being proportional to the number of
bonds of each type. Therefore, from the optical-
absorption point of view, with our model we can
consider the glassy platelet as the superposition
of a pure amorphous selenium platelet and of a
pure amorphous GeSe~ platelet. Counting the num-

ber of bonds of each type and assuming that vol-
umes occupied by a selenium and a germanium
atom are equal, we can expand the formula giving
the absorption coefficient e„vsthe coefficient es,
of pure amorphous selenium and eG,s, of arnor-
phous GeSe~, for a given photon energy:

c =(1—3x)Qsa+ 3xooasa ~ x a

)00x

10 )5 20 25 30 33 3

FIG. 6. Raman lines intensities (2nd model). q; 215
cm ~ (expt. ); +: 250 cm ~ (expt. ).
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FIG. 7. Optical-absorption edges of Ge„Se~~glasses
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aG,s~ is always very small compared to o.s„in the
whole energy range where these coefficients were
simultaneously measured (ao,s /ap, &2x10 P).

Formula (1) may then be developed as below:

1.3x O'Ges~
loggpa = log, pap, + log, p(1 —3x) +

1 —3x use

for x & 0.30. (2)

The term [1.3x/(I —3x)]ao,s&/a„is negligible
(less than 8x10 for x=0.3).

Before comparing theoretical results with mea-
surements, it is, besides, advisable to investi-
gate the sensitivity of the model to composition
variations. In Appendix B, we prove that local
fluctuations of composition do not modify the value
of a„and that the mean deviation from the nominal
composition is appreciable but for high germanium
contents.

To make comparison easier, the results of theory
and measurements have been plotted in Fig. 7, for
the two compositions x = 0.15 and x = 0.30. The
sense of n, variation vs x is the same, but the
amplitude of variation is underrated by theory,
and difference is too high to be accounted for by a
deviation from nominal composition. It is even
more significant that the slope of the experimental
absorption curve begins to decrease appreciably
for x=0.15, whereas it is predicted by theory to be
rather constant and equal to the slope of selenium.
(This results in the theory of the fact that absorp-

a = (1 —5x)as~+ 5xao~q (3)

but, in that case, each element C (selenium atom)
has the same first neighbors as the selenium atom
in pure selenium and each element A has the same
first neighbors (four selenium atoms} as in pure
GeSe4. All the first neighbors of each atom were
consequently taken into account for determination
of its absorption. The linearity of formula (3) vs
x cancels the effect of local fluctuations of corn-
position on absorption.

Figure 8 shows that agreement between the mod-
el and measurements is excellent (it will be noted
that, in the model relative to GeSe4 composition,
each selenium atom is coordinated to one germani-
um atom and to another selenium atom).

(b) In the interval 0.2 ~x ~ 0.33, the lattice is
constituted by the following two elements (Fig. 9):
element D-two germanium atoms bound through
two selenium atoms; element E—two germanium

tion is always very small for amorphous GeSe&
compared to selenium. )

The difference between the results provided by
the model and the measurements can be ascribed
first to the oversimplified assumption concerning
optical-absorption mechanism. In fact, as is
suggested by the tight-binding approach, it would
be better that all first neighbors of each atom
should be taken into account to determine the al-
lowed energetic levels for valence and conduction
electrons. ""

In the absorption model presented above, the
germanium atom has effectively the same first
neighbors (four selenium atoms) as in GeSep, just
as the selenium atom bound to two other selenium
atoms has the same first neighbors as in pure
selenium. On the contrary, nothing in the model
is accounting for the energetic levels of the seleni-
um atom bound to one selenium and one germanium
atom. The number of selenium atoms of this kind
is varying vs x as x(1 —3x}/(1—x); it becomes null
for pure selenium and GeSe~ and goes to a maxi-
mum for x = 0.18. It is shown by experimental
curves that slope variation is the roost important
near x = 0.20.

To make this study complete, one must not for-
get that germanium atoms tend to be diluted in the
lattice, as was brought to evidence by Raman scat-
tering. We are therefore led to redefine our ab-
sorption model in the following way:

(a) In the interval 0 ~ x ~ 0.2, the lattice is con-
stituted from the elements A and C as defined
above, no selenium atom being shared by neighbor-
ing elements. Absorption of the GeSe4 compound
(x = 0.2)—only made of elements A—and absorption
of pure amorphous selenium —only made of ele-
ments C—being taken as references, we find the
relation (3) by arguing in the same way as above:
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FIG. 8. Optical-absorption edges of Ge„Se~~glasses
(OCx &0.2, 2nd model).

atoms bound through one selenium atom, each
germanium atom being shared by neighboring ele-
ments. D and E are the constitutive elements of
the GeSe~ and GeSe~ compounds. In a similar
manner, we can write

Q =
g (1—3x)ao~q + 2(5x —l)utoqgq (4)

Q Q W W Q

F. 0
FIG. 9. Elements D and E.

Again, at least the first neighbors of each atom
are taken into account to determine absorption.
However, agreement with measurements is not
thoroughly satisfactory: the amplitude of varia-
tions vs x is yet underrated by the model (Fig. 10).

This disagreement may be ascribed to a ten-
dency to order, which appears in glasses, the
germanium content of which is above x = 0.2. (In-
deed, it is precisely for these glasses that the
melt must be rapidly quenched during a prepara-
tion in order to avoid recrystallization, the neces-
sary quenching rate rising to a maximum for GeSez
composition. ) It can be seen moreover that the ab-
sorption coefficient is much smaller still when. the
solid is completely ordered (crystalline GeSem),

FIG. 10. Optical-absorption edges of Gene~~ glasses
(0.2 & x & ~, 2nd model) .

for a given photon energy.
Nevertheless, disorder seems to remain high

for amorphous GeSe~ and neighboring compositions.
This point is, in fact, suggested by two experi-
mental results: (i) The optical-absorption-edge
curves measured at liquid-nitrogen temperature
for x=0.3 and x= —,

' keep parallel to the correspond-
ing curves measured at room temperature (the
slope of the optical-absorption-edge curves would'
be due to disorder rather than to electron-phonon
interactions, for instance). (ii) The important
energy shift between the optical-absorption-edge
curves of amorphous GeSe~ and crystalline GeSe2.

We believe that this disagreement for x & 0.2
emphasizes the limits of validity of our model.
The latter looks, in.deed, well adapted to a statisti-
cal description of the nature of bonds existing in
the amorphous binary lattice but, on the other hand,
it gives no idea of possible stacking modes of ele-
mentary cells, such as GeSe~ tetrahedra (elements
A). These elementary cells are likely to be re-
sponsible for tendency to order (contrary to linear
selenium chains) because of the bonds of germani-
um,

Concerning the absorption curve of the Geo 4Seo 6
glass, its localization between amorphous GeSe~
and crystalline GeSe2, and the fact that it is not
rectilinear, are prompting us to an interpolation
between GeSe~ and GeSe. We did not approach
these calculations. Several curves will have to be
recorded for compositions between x= 3 and x-- —,'.
Investigation on the topological model of selenium
and germanium coordination-number changes, re-
spectively, from two and four to three seems rather
complicated. We checked that the absorption curve
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is shifted, keeping appreciably parallel to itself,
between 300 and 95 'K for x = 0.4.

V. CONCLUSION

A structural model for the Ge,Se& „glasses has
been proposed for x & 3 from the Raman spectra
and the optical-absorption edges. This model,
corroborated by the x-ray investigation of recrys-
tallized samples, is formed by germanium atoms
of coordination four and selenium atoms of co-
ordination two, the Ge-Ge bonds being statistically
forbidden. Moreover, the germanium atoms tend
to part one from the others as far as germanium
content of the mixture allows.

This shows how interesting it is to get use of
glasses distributed in a wide composition range.
It is possible, indeed, to determine the origin of
the observed Raman peaks and the optical-absorp-
tion mechanism without ambiguity from their varia-
tions as a function of x.

The results here obtained raise some interesting
questions; for instance, the variations of the slope
and of the localization of optical-absorption-edge
curve vs x, as well as the great difference between
amorphous and crystalline GeSez, call for a care-
ful study of the Ge-Se bond. Investigation of
glasses for 3 ~x & —,', i.e. , between GeSe~ and GeSe,
which both exist in the crystalline state, would be
another interesting subject.
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APPENDIX A

The coordination numbers of elements A and 8
are, respectively, four and two. It is assumed that
each valency of an element-B, for example-is con-
nected with a definite type of element A or 8, in a
statistical proportion of cases equal to the propor-
tion of valencies to be satisfied relative to this
type of elements in the lattice. N being the total
number of atoms, the number of elements A is Nx,
the number of elements B is N(1 —Sx). The num-
ber of valencies to be satisfied are, respectively,
4Nx and 2N(1 —Sx). Each valency of an element B
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FIG. 11. Sensitivity of the first model to an uniform
deviation from the nominal composition.

is therefore connected with an element A or 8 in a
statistical proportion of cases respectively equal
to p„s= 2x/(1 —x) and p» = (1 —3x)/(1 —x). The
number of bonds AB, for instance, is equal to the
number of elements 8 multiplied by p„s,i.e. ,
[2x(1—3x)/1 —x]N. (Each element B has two
valencies, but each bond with another element is
obviously attributed only for the half to that ele-
ment. )

APPENDIX B

In Fig. 11, the logarithmic derivative of n„with
respect to x is plotted vs x. In the model, it is an
expression of the sensitivity of a„to a fixed and
uniform deviation from the nominal composition.
This sensitivity increases as one gets closer to
GeSez (the logarithmic derivative is superior to
10 for composition close to GeSe~).

On the contrary, a Gaussian distribution of the
variation with respect to an average composition
xp is introducing no error upon the value of Q p.
The transmitted energy for a sample with a thick-
ness d is actually proportional to exp[- g(o.„,~„M)]XQ X

(no account being taken of the variation of the re-
flexion coefficient due to fluctuations around xp):
to each elementary step bd is corresponding an-
other step, of same length, for which the variation
is —~, and these two effects cancel each other
because of linear dependence of o„onx. This
would be also true for any variation distribution
law symmetrical around xp. The only compositions
for which this argument is not valid are those very
close to GeSe~, because o.

„

is certainly passing
through a minimum for x = —,

' (as suggested by the
measurements for x = 0.4). A composition varia-
tion around GeSe~ always implies an increase of
the measured absorption coefficient. The mea-
sured value of o.G,s& is therefore always at least
equal to the actual value.



5956 TRONC, BENSOUSSAN, BRENAC, AND SEBENNE

'Liu Ch'un-hua, A. S. Pas»~»~, and A. V. Novoselova, DokL
Akad. Nauk SSSR 146, 1092 (1962).

'S. A. Dembovskii, G. Z. Vinogradova, and A. S. Pashinkin,
Russ. J. Inorg. Chem. 10, 903 (1963).

'C. Z. Vinogradova, S. A. Dembovskii, and N. B. Sivkova,
Russ. J. Inorg. Chem. 13, 1051 (1968).

L. Ross and M. Bourgon, Can. J. Chem. 47, 2555 (1969).
'P. Quenez, P. Kh&~~H-, and R. Ceolin, Bull. Soc. C»~. Fr.

1, 117 (1972).
6P. Unger and P. Cherin, in We Physics of Selenium and

Tellurium, edited by W. C. Cooper (Pero~~on, Oxford,
England, 1969), p. 223.

'A. Ok~~~&i, J. Phys. Soc. Jap. 13, 1151 (1958).
'Liu Ch'un-hua et aL, Proc. Acad. Sci. USSR Phys. Chem.

Sect. 151, 662 (1963).
'M. Bensomsm, A. Brenac, J. Thomas, and P. Tronc, J. Cryst.

Growth 15, 79 (1972).
' S. V. Nemilov, Zh. Prikl. K»~. 37, 1020 (1964).

Z U Borisova, R. L. Myuller, and Chin Cheng Ts'ai, Zh.
Prikl. K»~. 35, 774 (1962).

"Z. U. Borisova and A. V. P~n, in Solid State Chemistry,
edited by Z. U. Borisova (Cormultants Bureau, New York,
1966), p. 63.

"L. A. Baidakov, in Ref. 12, p. 164.
"Z. U. Borisova, E. R. Shokol'nikov, and I. I. Ko~»~~ in

Ref. 12, p. 164.
"A. Feltz, H. J. Buttner, P. J. Li~~~n, and W. Maul, J.

Non-Cryst. Solids $-10, 64 (1972).
' R. E. Loe&m~, A. J. Aanstrong, D. W. Firestone, and R.

W. Gould, J. Non-Cryst. Solids $-10, 72 (1972).
"R. W. Haisty and H. Krebs, in Ref. 6, p. 345.
'sW Henrion m Ref 6 p 7
' G. B. Abdullayev, Y. G. Asadov, and K. P. Mamedov, in

Ref. 6, p. 179.
A. G. Leiga, J. Opt. Soc. Am. 5$, 1441 (1968).

"J. C. Knights and E. A. Davis, Solid State Corn~un. 11, 543
(1972).
J. L. Hartke and P. Regensburger, Phys. Rev. 139, A970
(1965).

'G. Weiser and J. Stuke, Phys. Status Solidi 35, 747 (1969).
'4A. Moo~i» and G. B. Wright, in Ref. 6, p. 269.
"G. Lukovsky, in Ref. 6, p. 255.
~~B. Asanabe and A. O&~~~4, J. Phys. Spc. Jap. 15, 989

(1960).
C. R. Kannewurf and R. J. Cashman, J. Phys. Chem. Solids
22, 293 (1961).

2sA. S. Okhptin, A. M. Krestpvnikpv, A. A. Aivazov, and A.
S. Pus&»mkii, Phys. Status Solidi 31, 485 (1969).

"A. Vasko, in Ref. 6, p. 241.
"R. W. Fawc tt, C. N. J. Wag er, a d G. S. Ca gill, GI, J.

Non-Cryst. Solids $-10, 369 (1972).
"S. C. Agarwal and H. Fritzsche, Bull. Am. Phys. Soc.

15, 244 (1970).
H. Fritzsche, J. Non-Cryst. Solids 6, 49 (1971).

"D. Weaire and M. F. Thorpe, Phys. Rev. B 4, 2508 (1971).
"D. Weaire and M. F. Thorpe, Phys. Rev. B 4, 3517 (1971).' M. F. Thorpe, D. Weaire, and R. Alben, Phys. Rev. 8 7, 3777

(1973).


