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Dedicated to Prof. W. Miiller-Warmuth on the occasion of his
60tk birthday

In spite of the long-standing importance of non-oxide chalco-
genide glasses in infrared optics and semiconductor technolo-
gy, concepts describing the structural principles governing
glass formation in these systems are just emerging. Most re-
cently, modern quantitative solid state NMR techniques have
offered new unique insights into the structural organization of
these systems. In this review, we discuss the basic principles of
various experimental approaches and their application to
boron- silicon,- and phosphorus chalcogenide glasses.

1. Introduction

Non-oxide chalcogenide glasses, which are based on the
sulfides, selenides, and tellurides of the main group III-V
elements, have recently gained much interest as materials for
infrared-transparent optical fibers,'*] reversible conductivity
switching devices,[?! semiconductors,’® photoconductors,
photoresists,*! and solid electrolytes for battery applica-
tions.'! Generally, glasses are often preferred over crys-
talline compounds because of their favorable mechanical
and interfacing characteristics, and because their materials
properties can be tailored for specific applications by contin-
uously varying their composition or processing conditions.
In the area of non-oxide chalcogenide glasses, however, sub-
stantial challenges have remained due to the air- and mois-
ture sensitivity and the low glass transition temperatures of
many systems.

Figure 1 shows the most common constituent elements of
such glasses. During the last two decades, much work has
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Fig. 1. Elements that participate in the formation of covalent non-oxidic glass-
es. Dashed lines indicates those elements that occur most commonly in such
glasses.

been devoted to the phase diagrams, regions of glass-
formation, and the thermodynamic and physicochemical
properties of these systems.!8! It has been much more recent-
ly that, driven by the search for structural guidelines to opti-
mize materials properties, the microstructure of these glasses
has moved into the focus of attention. At the same time (and
for similar reasons) chalcogenide glasses have become an
increasingly attractive subject for theoreticians and solid-
state physicists.!” ~10

According to most recent spectroscopic studies, the struc-
ture of chalcogenide glasses is characterized by several
unique features not commonly found in other types of glass-
es. These features include: a) valence alternation pairs,
b) new types of micro-environments not known in analogous
crystalline compounds, and c) clusters or polymeric entities
with a high degree of intermediate-range order. Figure 2
shows a few recent examples from the literature.

While these novel findings represent substantial progress,
they mark only the beginning of a qualitative and quantita-
tive understanding of chalcogenide glasses. The identifica-
tion and quantification of specific structural features has
often remained controversial, since most of the spectroscopic
techniques used are not inherently quantitative and tend to
emphasize ordered environments. Moreover, the proposals
made for individual systems are conceptually somewhat
divergent, which reflects a current inability to explain the
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Fig. 2. Unique structural features postulated to occur in non-oxide chalco-
genide glusses. a) valence alternation pairs in amorphous selenium [7]. b)edge-
shared polymers and ethane-like units in Si-S glasses [8]. ¢)intermediate-range
ordcred cluster units in glassy GeSe, [9].

principles of non-oxide glass formation in more quantitative
terms. There 1s a definite need for new experimental probes
that can test the existing structural hypotheses in a more
stringent manner than presently possible. Solid state NMR
is an element-selective, inherently quantitative method ideal-
ly suited for this objective.l'!! Since NMR is also spatially
very selective, the spectroscopic information remains largety
unaffected by the lack of periodicity in non-crystalline sys-
tems.

During 25 years of intense research, solid state NMR has
proven very useful in developing structural concepts for
oxide-based (silicate, borate, and phosphate) glasses.['?} In
contrast, the unique power of this technique to provide struc-
tural information in chalcogenide systems is just emerging,.

materials.
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2. Information Content of
Solid State NMR Spectra in Glasses

2.1, Fundamental Principles of the Technique

All nuclei containing an odd number of either protons or
neutrons or both, possess angular momentum (“‘spin’") and
consequently, 2 magnetic moment. In the presence of an
applied magnetic field B, (typical strength 1-14T), these
nuclei occupy quantized energy levels which are energetically
non-degenerate and thus not equally populated. These popu-
lation differences result in a macroscopic nuclear magnetiza-
tion along the direction of B,.

NMR spectroscopy measures the precise energy differ-
ences between such nuclear levels; this is done by stimulating
transitions between them through the application of electro-
magnetic waves in the radio frequency region (1 -600 MHz).
At resonance, the condition

w=1yB,, M

holds, where w is the frequency of the electromagnetic radi-
ation at which absorption occurs, y is a nuclear constant, and
B, is the strength of the magnetic field present at the nuclear
sites. Usually, a short (1-10 us length), intense (100-—
1000 W power) radiofrequency pulse is applied by the spec-
trometer that tips the magnetization into the plane perpen-
dicular to the magnetic field direction (““90° pulse™). The
precession of the magnetization in this plane then induces an
ac voltage in a coil, which is amplified, detected, and stored
in a computer. Fourier analysis of the acquired *‘free induc-
tion decay signal’ then yields w, the nuclear magnetic reso-
nance frequency.

Signal averaging by repetitive pulsing is usually necessary.
For truly quantitative information it is mandatory to allow
for sufficient time between pulses to restore the magnetiza-
tion along B, to its equilibrium value. The waiting time re-
quired depends on the relaxation time 7, of the nuclei, which
can range from a few ms to several hours in glasses.

2.2. Internal Interactions

The usefulness of NMR in addressing structural questions
in matter stems from the fact that the magnitude of B, _ (and

loc
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hence the nuclear resonance frequency) is usually slightly
different from B,, due to various types of internal interac-
tions: The magnetic dipole-dipole interaction describes the
effect nearby magnetic moments from other atoms have on
the local field of the nuclei under observation. The chemical
shift interaction describes how the local field is modified by
the electron clouds surrounding the nuclei, and finally, the
nuclear electric quadrupole coupling describes the interaction
of the asymmetric charge distribution in spin > % nuclei
with electrostatic field gradients generated by the chemical
bonding environment. Each of these interactions is charac-
terized by a few spectroscopic parameters, listed in Table 1.

Table 1. Interactions in solid state NMR. spectroscopic parameters and their
selective measurement.

Interaction Spectroscopic Selective measurement Ref.

parameters

dipole-dipole Mjtem. (like nuclei) 90°-t,-180° echo decay 14

M,p. (unlike nuclei) 90,"~t,---90,” echo decay 15
isotropic part, &,
anisotropic part

chemical shift MAS-centcrline position 13

MAS sidebund intensities 17
quadrupole coupling constant MAS lineshape analysis, 16
(e?qQ/h) 2-D nutation NMR 16

asym. parameter n variable angle spinning 18

Mathematically, a tensorial description is used to appropri-
ately reflect the fact that all of these interactions are aniso-
tropic.* 11 Consequently, the energy level perturbations (and
hence the resonance conditions) depend on the orientation of
the crystal (or molecule) with respect to the external magnet-
ic field. Therefore, the spectrum observed in a powder or
glass (the “NMR powder pattern’) forms the envelope of all
resonance conditions arising from all possible orientations.

If one of the three interactions discussed above is much
larger than the other ones, the corresponding spectroscopic
parameters are usually easily determined from such a pow-
der pattern. However, frequently the various terms are of
comparable magnitude, making the spectra difficult to ana-
lyze. The situation is complicated further in glasses, where
the spectroscopic parameters would be more accurately rep-
resented in the form of distribution functions rather than
unique values.

The NMR problem thus falls into two sub-tasks: a) accu-
rate parametrization of the experimental spectra and b) cor-
relating the spectroscopic parameters thus obtained with the
desired structural information.

2.3. Selective Averaging Experiments

The first task is often approached by modifying the rela-
tive magnitudes of different interactions in a predictable
fashion. Traditionally, this has been done by exploiting field

dependence, isotopic dilution, or different isotopes of the
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same eclement. Alternatively, elegant selective averaging
techniques that suppress certain interactions while leaving
others unaffected are being increasingly utilized. Table 1 con-
tains some of the approaches which are most generally appli-
cable.['37 18] In the following, we will discuss briefly two of
these techniques, which are of particular interest for the ma-
terial covered in this review.

The first, most popular, selective averaging experiment
uses mechanical sample rotation about an axis inclined by an
angle B with respect to the external magnetic field direc-
tion.!' ¥ This manipulation modulates the anisotropic part of
the interaction by the term (3cos? — 1). Atan angle of 54.7°
the orientational dependence of the spectra is removed and
a sharp, “liquid-like” resonance is observed at the isotropic
chemical shift position. Solid state NMR spectra acquired
with this technique are referred to as “MAS” (magic angle
spinning) spectra. The isotropic chemical shift §,,,, which is
usually quoted in ppm with respect to a chosen reference
standard (tetramethyl silane for 2°Si, 85% phosphoric acid
for 3P NMR), is the single most significant NMR observ-
able for compound identification.

The second experiment involves the selective measurement
of magnetic dipole-dipole couplings.!* 13 The magnitude of
the dipolar coupling is most commonly expressed in terms of
the second moment M,, the average squared local field pres-
ent at the nuclei due to these interactions. This particular
description in terms of a statistical quantity has the advan-
tage that the details of the spin system (numbers and relative
geometries of the interacting nuclei involved) need not be
known for the analysis, and that homonuclear interactions
(between like spins) and heteronuclear interactions (between
unlike spins) can be separated.!'® The homonuclear part of
M, can be measured selectively by spin-echo spectroscopy.
Figure 3 illustrates the concept. In general, the free induction
decay following a 90° radio frequency pulse on resonance
can be refocused by a subsequent 180° pulse, resulting in a

90° 180° echo

/\ t

Fig. 3. NMR spin echo decay method for measuring homonuclear dipole-
dipole couplings.
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“spin echo™ at a time 2/, after the initial 90° pulse, where ¢,
is the time delay between both pulses. Dipolar interactions
among like nuclei, however, interfere with the refocusing
process. Consequently the echo is diminished, depending on
the length of the evolution time 2¢,, i.e. the period over
which the dipole coupling is operative.l'4 13 Very often, the
echo height I(2¢,) shows a Gaussian decay, whose steepness
depends on the strength of the homonuclear interaction
characterized by the second moment M, :

1(20,)iK(0) = exp[— (21,)* M,,/2] 1))

Since most of the other solid state interactions are refo-
cused by the above sequence, the measurement of the echo
height under systematic incrementation of the evolution time
21, often affords a selective measurement of M,, from the
semi-logarithmic plot defined by Equation 2.

2.4. Correlation of NMR Parameters
with Structural Information

Once the correct spectroscopic parameters have been
extracted, the information needs to be related to concrete
structural information. Important information is often al-
ready obtained from a detailed inspection of the composi-
tional dependence of the spectra. Furthermore, the use of
crystallographically well defined reference compounds is in-
dispensible. These methodologically simple approaches are
often combined with spectroscopic simulations based on
computer-modeled trial structures. Of the various interac-
tions summarized above, only the dipolar coupling is calcu-
lable from first principles. In contrast, the interpretation of
chemical shifts and quadrupolar coupling constants requires
the use of semi-empirical correlations. Furthermore, the
specific information that can be obtained depends highly on
the certain “personality” of the nucleus under study. Table 2
gives a summary of the basic properties of nuclei typically
part of chalcogenide glasses. We will limit our discussion to
1B, 28}, and ?'P, the prototype constituents of the glasses
reviewed here.

1B, 1B NMR data in glasses show discrete sites By and
B,, with triangular and tetrahedral coordination sym-
metries, respectively. These sites are separated by ca. 20 ppm
in high-field !'B MAS-NMR spectra,!*®! and quantitative
integration of the spectra yields N,, the fraction of four-
coordinate boron atoms:

“v.; = [Ba]‘:([B.a] + [B;]) (3)

A spectral separation can also be accomplished from
traditional low-field NMR spectra on the basis of nuclear
electric quadrupolar interactions.! 2}

296i.2°Si NMR data in glasses are usually interpreted in
terms of various types of SiO, coordination polyhedra
differing in the number of bridging Si-O-Si units. This is
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Table 2. Nuclear properties of magnetic isotopes present in chalcogenide
glasses.

natl. resonance comments on suttability
abund. frequency for structural analysis
nucleus  spin  [%] at 7.05 T in chalcogenide glasses

"Li 32 92.58 116.59 sensitive, but limited range of §

°Li 1 742 44.15 limited range of 8, superior in resolu-
tion to 'Li

'B 32 80.42 96.25 sensitive, limited range of §, MAS
complicated by quadrupole effects

23Na 32 100 79.35 sensitive, limited range of 4, MAS
complicated by quadrupole effects

27A1 5/2 100 78.17 sensitive, MAS complicated by qua-
drupole effects

2951 12 470 59.70 very long relaxation times (~ 1 h)
wide range of §
small chemical shift anisotropies.

p 1/2 100 121.44 very sensitive, wide range of 3, large
chemical shift anisotropies
moderately long relaxation times

338 32 076 23.01 difficult to detect

3Ge 9/2  1.76 10.47 large quadrupole moment.

"5As 32 100 . 51.38 poor resolution.

7Se 12 7.58 57.20 difficult to detect, wide d-range,

123Te 12 7.00 94.79 extremely large chemical shift an-
isotropy, long relaxation times

20571 1/2 70.50 173.12 very sensitive, wide & range, extreme-

ly broad lines, difficult to detect with
high-field instruments

expressed by the Q™ nomenclature, where n specifies the
number of such bridges per silicon present. A large number
of studies have been devoted to obtaining detailed quantita-
tive information about the Q™ speciation from MAS NMR
data in crystalline silicates and silicate glasses.?!! Specifical-
ly, the NMR results on alkali-metal silicate glasses are in
good agreement with the traditional network modification
model, in which one mole of alkali-metal oxide generates two
non-bridging oxygen atoms (see Figure 4).

Q(4) Q3) Q2)
si o~
L é- 3y
1
N Ns e 07N e s Si S
A o N7 N
0 o st | s
i si i
Q) Q)
~Q o~ - -
N RN
— O—Sl\ /SI'—O —_— Sl\
- O/ 0" No- ~o o~

Fig. 4. Structural modification of silica glass by alkali-metal oxide modifiers,
giving rise to the various Q" species. The arrow indicates increasing concentra-
tion of the modifier oxide.
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31p, 3'p MAS-NMR has been used in a similar fashion to
provide Q™ speciation in a variety of phosphates and phos-
phate glasses.’??! In addition valuable information is avail-
able from the measurement of the internuclear **P-*!P in-
teractions. Under rigid lattice conditions, M,, (3'P) can be
calculated from van Vleck theory:[!%!

M= 415 (uofdn)? I+ 1) P BN Try e (@)

where v,, I, N, and r; represent the *'P gyromagnetic ratio,
the spin quantum number (%), the number of nuclei in-
volved, and the distances between them respectively. Equa-
tion 4 permits a direct calculation of an M, value from an
assumed structure. The selective measurement of internucle-
ar 3'P-3!P interactions affords a powerful tool for testing
atomic distribution models in chalcogenide glasses.

3. Chalcogenide Glasses
3.1. Boron Based Glasses

Solid state NMR has been instrumental in the investiga-
tion of compound and glass formation in the systems B-S,
B-Se, and B-S-Se.[23-24] Specifically, NMR confirms that
the structure of glassy B,S, is based on the triangular BS,,,
unit. In contrast, no such unit can be identified in corre-
sponding B-Se glasses.?*! The composition *“B,Se,” dis-
proportionates into BSe, and an amorphous yellowish se-
lenide B Se, which, according to the strong internuclear
dipole couplings detected by NMR, must contain boron—
boron bonds. This reflects the increasingly efficient competi-
tion of homoatomic (B-B and Se—Se) versus heteroatomic
(B-Se) bond formation as the size of the chalcogen atom is
increased.

Glassy B,S, has a more uniform structure than glassy
B,0,.12*1 Nevertheless, the structural modification of B,S,
by Li,S!2%-261 and T1,S271 is an excellent analogy to the
well-studied behavior of borate glasses.!!2! Glasses in the
systems (Li,S),(B,S;),_, and (T1,S),(B,S,), -, are formed
for 0 < x < 0.75, with phase separation occurring at low
x-values. In both cases, small amounts of Li,S and TI,S
cause a network transformation resulting in the prodiction
of four-coordinate boron atoms. Above a ratio Li,S(T1,S)/
B,S, of 0.5, the number of four-coordinate boron atoms
decreases again, because units containing non-bridging
sulfur atoms are formed in this regime. This compositional
dependence of N, is in good agreement with the respective
oxygen-based systems.[!2- 28!

3.2. Silicon Based Glasses
Besides offering promise for applications in infrared op-
tics and semiconductor technology, silicon chalcogenide

glasses are of fundamental interest in glass science. Vibra-
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tional spectroscopic data suggest that the structure of these
glasses contains linear chain polymers composed of edge-
sharing SiSe,,, units.”?! This finding is a striking exception
from the general rule that glasses organize exclusively by
corner-sharing of coordination polyhedra.

Figure 5 shows typical 2°Si MAS-NMR spectra in the
system silicon—selenium.!3°? Note that multiple sites are pres-

33 at.% Si

"

(ﬁ—T ﬁ—T—rﬁ—Tﬁﬁ—Tﬁ‘Yﬁ_?'ﬁ’W ﬁ_Y—T -1
200 100 0 -100 -200  PPM

Fig. 5. 2°Si MAS-NMR spectra of glasses in the system Si-Se. The resonances
are assigned to (from left to right in order of increasing field): corner-sharing
SiSe,,; tetrahedra (E'®), SiSe,,, groups involved in one edge-sharing tetra-
hedron (E*"), and SiSe,,, groups involved in two edge-sharing tetrahedra (E'?)),
respectively. Note the compositional dependence. The poor signal-to-noise ra-
tio arises from the extremely long spin-lattice relaxation times in these samples.
requiring recycle delays of 2 h.

ent, even in the stoichiometric glass of composition SiSe, .
The spectra show three distinct resonances which are as-
signed to Si atoms involved in zero, one and two edge-
sharing tetrahedra, labeled E®, E) and E‘? in Figure 5.13!
Increasing the selenium content in the glasses favors corner
sharing. The evaluation of these units is made difficult by the
extremely long T, values in these glasses.*® 31! Absolute
signal intensity calibrations with standards containing
known amounts of silicon show that with 90° pulses and
recycle delays of 2 h, 85-95% of the total Si atoms are
detected in these systems.!3° This control experiment en-
sures that the speciation inferred from NMR is truly repre-
sentative of the entire glass.

Lithium silicon sulfide glasses show promise for solid elec-
trolyte applications.!*?! The region of glass-formation of the
system {Li,S),-(SiS,), _, ranges from x = 0 to x = 0.6 {glass-
es formed in the compositional region 0 < x < 0.4 may be
phase separated). Given the unusual structural properties of
the parent SiS, and SiSe, glasses, new types of microstruc-
tures might be expected in the glasses modified analogously
by alkali metal sulfides. A detailed 29Si MAS NMR study of
the system Li,S-SiS, was undertaken to test whether the Q™
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Fig. 6. 59.9 MHz *°Si MAS-NMR spectra of glassy and crystalline samples in the system (Li,S),(SiS,), ,. For x > 0.4, the spectra show no obvious chemical shift

cvolution in the glasses, in contrast to the situation in the crystalline phases.

concept valid in the oxidic glasses (Figure 4) is also applica-
ble to sulfide-based glasses.!3>3! The results are shown in Fig-
ure 6. Virtually no compositional evolution can be detected
in the ternary glasses, whereas the corresponding crystallized
specimens reveal marked changes. These findings were ini-
tially interpreted in terms of a constant number of non-
bridging sulfur atoms regardless of Li,S content. The two
resonances were assigned to Q'?' species (major resonance
around 4-8 ppm) and Q' species (minor peak around — 6
to — 10 ppm), based on previous assumptions in the litera-
ture**] that the structures of Li,SiS, and Lt,SiS, contain
corner shared Q' and Q' environments (no single crystal
X-ray work has been carried out). The original interpreta-
tion dismisses the traditional model of continous network
modification and invokes a number of non-bridging sulfur
atoms that is much larger than expected from the Li,S con-
tent.
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Subsequent work on a larger number of better character-
ized crystalline alkali thiosilicates %! suggests that the chem-
ical shift discrimination seen in the spectra of Figure 6a is
most likely not due to the various Q™ species but due to the
number of edge sharing tetrahedra, E™, in which the Si atom
under consideration is involved.'®% According to this re-
interpretation, the majority peak around 4-8 ppm arises
from Si atoms involved exclusively in corner sharing with
other tetrahedra (E!”), while the minority peak around — 6
to — 10 ppm is assigned to units engaging in edge-sharing
with one other SiS, tetrahedron (E'"). Based on these assign-
ments, the spectra reveal that Li,S decreases the amount of
edge-sharing dramatically, such that no E‘® units remain at
38 mole-% Li,S or above. The work on the crystalline model
compounds suggests further, that the chemical shift differ-
ences between Si atoms containing different numbers of non-
bridging S atoms (i.e. the sulfide-analogs of the various Q™

Angew. Chem. Adv. Mater. 101 (1989) Nr. 12
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species of Figure 4) are much smaller in sulfides than in
oxides. Given the inherently broad MAS-NMR lines in the
glasses, it is not possible to resolve individual peaks for these
species. Therefore, there is no proof from NMR that the Q™
concept is actually valid in sulfide glasses. If, however, the
assumption is made as a working hypothesis, one arrives at
the peak assignments summarized in Figure 7 in the form of

E(0) E(1} E(2)

4 to 8 ppm -6 to -10 ppm -18 to -21 ppm

5
< \Tf,
s
s H} \.”
Q@ A Nor s
T s——s(— /s‘\s>Q , / \s>®s/ ~
AN S\Si/ X

] I~

LS Q
9, s Li
o Y }i e 5 s\si’s
7~ 57\ @ 0./ N 0o

Qo)

Fig. 7. Suggested peak assignments in the system Li,5-SiS,.

a matrix. Each microstructure can be represented by a Q'
and an E™ symbol. The NMR spectra then show that, at low
Li,S contents, the production of non-bridging sulfur atoms
preferably occurs at the E™*) and E*¥ sites. The constant ratio
of E to E*" units at higher Li,S contents suggests that some
balance has been attained between the destruction of edge-
and corner-sharing Si—S-Si units.

3.3. Phosphorus Based Glasses

Both the binary systems P-S and P-Se are well known to
form stable glasses, with P concentrations ranging from 0-
25 at.-% P in the former, and 0-52 as well as 62-80 at.-%.P
in the latter system.*” ~#!! Phosphorus-Selenium glasses are
of particular interest because of their infrared-transparency,
their comparatively high stability in a moist atmosphere, and
their resistance towards recrystallization. The microscopic
structure of these glasses has been the subject of an interest-
ing controversy. On the one hand, Borisova et al.*"! as well
as Blachnik and coworkers!® propose what basically
amounts to a chemically ordered continuous random net-
work model: at P contents below 40 at.-% the glasses con-
tain Se=PSe;,,, PSe,,, and Se-Se units only, whereas no P-P
bonds exist. Above 40 at.-% P, these authors suggest an
abrupt increase in the fraction of P-P bonds, hence rational-
izing the steep increase of glass transition temperatures
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which is experimentally observed in this compositional re-
gion.

In sharp contrast, combined EXAFS and neutron diffrac-
tion studies point toward an entirely different glass structure
based on P,Se_ clusters (5 > n > 3, depending on the P/Se
ratio) which are embedded in an Se-rich matrix.[*2! Such an
arrangement constitutes substantial intermediate range or-
der, as has been recently suggested for other glass systems.

The two conflicting models differ largely with respect to
the distribution of the P atoms in space. Figure 8 shows three

3 o »
2
. » s
» o
]
[ e
. o [ ] .
.
L ]
e
.. L ]

Fig. 8. Simple atomic distribution models for P atoms in P-Se glasses, corre-
sponding to uniform, clustered, and random arrangements.

simplistic atomic distribution models for P-Se glasses, corre-
sponding to a)a uniform, b)a clustered and c)a random
distribution of P atoms. These arrangements are clearly dis-
tinguishable by the magnitude and the compositional depen-
dence of the dipole-dipole couplings between the *'P nuclear
spins. Thus, using the spin-echo sequence discussed in Sec-
tion 2, the second moments characterizing these internuclear

i (ji

[ O/ o

. ;’b:i. P :

-y

JRN

Fig. 9. Graphical illustration of the randomly occupied zinc blende structure
used as a model for a P-Se glass containing 50 at.-% P. Open circles denote P
atoms, filled circles Se atoms. The dotted lines represent non-bonding electron
pairs pointing towards 4 vacancy in the structure.
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Fig. 10. Comparison of the compositional dependence of the 3'P dipolar second moment characterizing the strength of homonuclear *'P-*'P dipolar interactions with
calculations based on assumed atomic distribution models in P-Se glasses. Sec text for further discussion. The tailored random distribution assumes that no P—P bonds
ate present below 25 at.-% P (line a) and a probability of (X-25%) at all compositions with higher P contents X at.-% (line b).

interactions can be measured and compared with calculated
values (using Equation 4) based on various assumed distri-
bution models.

In order to simulate a random distribution, the P and Se
atoms are positioned irregularly, according to their atomic
percentages, over the sites of a cubic zinc blende structure.
The chosen lattice constant (5.289 A) constrains the nearest
neighbor distance to 2.29 A, corresponding to the average of
typical P-P, P-Se, and Se-Se bond lengths. Furthermore, the
random model incorporates the valency constraints of P and
Se by distributing nonbonding electron pairs over additional
lattice positions. Figure 9 shows an example of a random
distribution generated in this way. This model reproduces
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the experimental densities of the glasses quite well (within
5-10%).

The comparison between calculated and experimental M,
values is shown in Figure 10. Clearly, the experimental data
are incompatible with either uniform, clustered or random
distribution models. If however, the random model is adapt-
ed in terms of a reduced probability of P-P bonds, an excel-
lent fit to the experimental data can be obtained. The com-
parison of Figure 10c with 10d indicates that, at any
composition within the glass forming region, there is a dis-
tinct preference for P-Se over P-P bonds. Overall, the NMR
results can be understood in terms of a random distribution
of P and Se atoms over a glass structure, modeled as a defect
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zinc blende lattice, excluding P-P bonds below 25 at.-% P
and admitting them in less than statistical proportions above
25 at.-%.[43:44]

While such dipolar measurements provide important in-
sights concerning the statistics of P-P versus P-Se bonding
in these glasses, they are unable to identify the distinct
nearest neighbor environments present. Such information
can be provided by MAS-NMR in conjunction with data
obtained on crystalline reference compounds./**~*%! Figure
11 shows typical results in the P-Se system.'>] At P contents
below 30 at.-%, two well-resolved peaks are observed which

PSea2 , Se=PSes2

|

/ 4
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Fig. 11. 121.5 MHz 3'P MAS-NMR spectra of P-Se glasses. Numerals indi-
cate at.-% phosphorus. The two resonances are assigned to three-coordinated
(PSe,,, and Se,,,P-PSe,,,, downfield resonance, left) and four coordinated
Se =PSe,,, species (upfield resonance, right), respectively.

Angew. Chem. Adv. Mater. 101 (1989) Nr. 12

MATERIALS

are assigned to three-coordinated PSe,, and tetrahedral
Se =PSe,,, groups, respectively.

Quantitative integration of these spectra yields a phenome-
nologicalequilibrium constantK of 0.85 (at.-fraction) ~ ! asso-
ciated with the melt reaction PSe,,, + [Se,];;, — Se= PSe,;.
Figure 12 shows the experimental data for the fraction N, of

0.5 1
Ns o

0.4

0.3 8

0.2

0.1

0.0 T T b v 1
o] 10 20 30 40 50

at.% P

Fig. 12. Dependence of the fraction of four-coordinated Se = PSe,, units, V,,
(open squares) on the atomic fraction of P atoms in P-Se glasses. The solid
curve is calculated based on an equilibrium constant K = 0.85 (at.-fraction) !
of the reaction PSe;;; + Se — Se=PSe,,,.

the four-coordinate P atoms as a function of composition
and the corresponding theoretical fit. The near-unity value
of K reflects the efficient competition of the three entities
that take part in the above reaction, hence providing a ther-
modynamic rationale for the excessive tendency of glass-for-
mation in this system.

1t is interesting to compare these results with correspond-
ing data obtained on the system P-S.*”! According to *'P
MAS and spin echo NMR data, the S=PS, , grouping is the
dominant structural unit within the entire glass forming re-
gion. This leads to crystallization of P,Sq and P,S,, above
25 at.-% P. In fact, MAS-NMR studies of P-S glasses detect
molecular P,S, and P,S,, entities well below the composi-
tional glass-forming border. Likewise, NMR detects P,Se,
molecules in P-Se glasses with P contents well below the
stoichiometry of this compound.#%! The presence of such
molecular entities near and somewhat below the glass-form-
ing border appears to be a general feature of glass formation
in phosphorus chalcogenide systems.

4, Summary and Outlook

The experimental results covered in this review show that
the degree to which the structural principles operative in
non-oxide chalcogenide glasses differ from the bonding con-
cepts used in the stoichiometrically analogous oxidic glasses
depend greatly on the system under study. Specifically, in
boron chalcogenide-based systems, there seems to be very
close similarity between oxides and sulfides. In contrast, the
edge-shared micro-environments identified in SiS,, Si-Se,
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and Li,S SiS, glasses are fundamentally new structures not
known to exist in ordinary silica-based glasses. The latter
statement also holds true for phosphorus chalcogenide glass-
es. Specitically in the P-Se glasses, there is a multitude of
micro-environments, containing three- and four coordinate
P atoms as well as various P-P bonded structures and, near
the glassforming border, molecular cluster units.

The attractiveness of NMR spectroscopy for these systems
lies in the opportunity of providing actual percentages with
which these structural features occur, provided the experi-
ments are done under quantitative conditions. Due to their
element-selectivity, NMR methods have a decisive advan-
tage over other competing structural probes for the composi-
tionally more complex systems usually encountered in “real-
life” practical applications. This advantage has already been
exploited in our NMR studies of the co-former effect in
Li,$-B,S,-P,S, and Li,S-SiS,-P,S, glasses.?%48] The
studies reported here have laid the groundwork for such
further investigations and the author hopes that this review
will help to popularize the use of quantitative solid state
NMR techniques in the structural elucidation of chalco-
genide glasses.
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