
PHYSICAL REVIEW B 1 AUGUST 1998-IIVOLUME 58, NUMBER 6
Local structure and electrical switching in chalcogenide glasses
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Bulk Al xAs40Te602x and AlxAs402xTe60 glasses (5<x<20) are found to exhibit memory and threshold
switching.27Al solid-state NMR measurements reveal that in both series of glasses, Al resides in tetrahedrally
~fourfold! as well as octahedrally~sixfold! coordinated environments, with the fraction of fourfold coordinated
Al atoms in the glasses decreasing with Al content. Fourfold coordinated Al atoms provide structural flexibil-
ity, and promote memory switching at low Al content (x,15). At higher Al content, the growth in the fraction
of sixfold coordinated atoms leads to increased network connectivity, which promotes threshold switching.
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I. INTRODUCTION

Amorphous chalcogenide semiconductors exhibit mem
and threshold switching at high electric fields.1,2 The struc-
ture of chalcogenide glasses exhibiting memory switch
usually consists of long Te chains in which atomic rearran
ments occur easily.3 They possess high electrical condu
tance, which can result in large power dissipation. The
plication of a high electric field leads to crystallization of th
glass and, as a result, the sample remains in the low re
tance on state even after the removal of the field. In thresh
materials, structural cross linking of chains is genera
higher, leading to steric hindrances in which structural re
ganization becomes more difficult. These materials h
high thermal stability and a large energy barrier for cryst
lization. The conducting on state in Ovonic threshold switc
ing materials is achieved primarily by excitation of lone-p
electrons of low ionization energy.4 The original high imped-
ance off state is recovered when the field is reduced.

There are many binary and ternary glassy systems suc
Ge-Te, Si-Te, As-Te, Al-Te, As-Se-Te, Ge-As-Te, etc.,5–11

which are found to exhibit memory switching over wid
composition ranges. It is usually difficult to tune the comp
sition of a chalcogenide glass for threshold behavior. T
quartenary system Si-Te-As-Ge~Ref. 2! exhibits threshold
switching. In these glasses, threshold behavior is restricte
a narrow composition range, and glasses of other comp
tions are found to be of memory type.

We have now achieved memory and threshold switch
in a single ternary Al-As-Te glassy system by changing
glass composition. In the present work, we report on
crucial role played by the local structure in both types
switching in this ternary. The influence of thermal para
eters on the switching behavior of these samples is also
cussed.

II. EXPERIMENT

Bulk Al xAs40Te602x (5<x<20) and AlxAs402xTe60 (5
<x<20) glasses were prepared by conventional m
quenching. The samples were confirmed to be noncrysta
by x-ray diffraction. Differential scanning calorimetri
~DSC! studies were undertaken in a Stanton-Redcroft DS
PRB 580163-1829/98/58~6!/3022~4!/$15.00
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1500 to establish glass transition temperatures (Tg) and crys-
tallization temperatures (Tc). I -V characteristics of the
glasses were recorded using a PC based system develop
the laboratory.12 Polished samples of 0.20 mm thickne
were placed in a special holder between a point-contact
electrode and a flat plate bottom electrode for theI -V mea-
surements. A constant current was passed through the sa
and the voltage developed across was measured.

Solid-state magic angle sample spinning~MASS! NMR
(27Al) spectra of the glasses were recorded with a Bru
DSX-300 spectrometer operating at 78.206 MHz. Al en
ronments in the glassy state were correlated with switch
behavior.

III. RESULTS AND DISCUSSION

A. The switching behavior of Al-As-Te glasses

Electrical switching studies on AlxAs40Te602x (5<x
<20) and AlxAs402xTe60 (5<x<20) glasses indicate tha
these samples exhibit a composition-dependent switching
havior. In both AlxAs40Te602x and AlxAs402xTe60 series of
glasses, samples at low Al content (x,20) show memory
switching, while those at higher Al content exhibit thresho
switching ~Figs. 1 and 2!. For example, in Fig. 2,
Al xAs402xTe60 glass atx55 shows a clear memory behav
ior; while the sample atx510 exhibits a tendency of thresh
old behavior before latching to the memory state. Sample
x515 andx520 exhibit stable threshold switching~Fig. 2!.
Al-As-Te glasses at higher Al content~>20 at. % of Al!
exhibit threshold switching, irrespective of the amount of
or Te.

B. The composition dependence of switching voltages
of Al-As-Te glasses

Figure 3 shows the variation of the switching voltages
Al xAs402xTe60 and AlxAs40Te602x glasses with Al content.
Switching voltages for both memory and threshold Al-As-
glasses increase with the aluminum content of the glas
The presence of sixfold coordinated aluminum in the n
work apparently promotes network connectivity of the
glasses, and leads to increased switching voltages.13 A simi-
lar increase in switching voltages with Al content w
observed8 in binary Al-Te glasses.
3022 © 1998 The American Physical Society
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It is interesting to note here that the electrical resistivity
both AlxAs40Te602x and AlxAs402xTe60 (5<x<20) glasses
increase with the increase in Al content. Earlier papers14 in-
dicated a direct correlation between switching voltages
sample resistivity in a variety of chalcogenide glasses. In

FIG. 1. Composition-dependent current-voltage characteris
of Al xAs40Te602x (5<x<20) glasses.

FIG. 2. Composition-dependent current-voltage characteris
of Al xAs402xTe60 (5<x<20) glasses.
f

d
is

sense, the composition dependence of switching voltages
electrical resistivity of Al-As-Te glasses are consistent.

C. Memory and threshold switching in Al-As-Te samples

Figures 1 and 2 show that Al-As-Te glasses at low
content exhibit memory behavior while samples at larger
content show threshold switching. It is known that structu
cross linking, weaker bonds, and more lone-pair interacti
favor memory switching in chalcogenide glasses.4 Also, the
thermal stability of samples play a crucial role in th
memory switching. The present study indicates that
change in the switching behavior of Al-As-Te samples
influenced by structural cross linking~decided by the coor-
dination of Al! and thermal effects, as seen below.

1. Aluminum coordination and switching behavior of Al based
chalcogenide glasses

In the glassy state, Al is known to reside in three differe
structural environments, having fourfold, fivefold, and si
fold coordinations, respectively.15,16 The present MASS
NMR experiments indicate that in the Al-As-Te system, on
fourfold and sixfold coordinated Al atoms are present. F
ures 4 and 5 show the MASS NMR spectra of AlxAs40Te602x
and AlxAs402xTe60 glasses (10<x<20), which indicate the
presence of fourfold and sixfold coordinated Al atoms. He
it is convenient to define two quantities,f 4 and f 6 , the per-
cent fraction of fourfold and sixfold coordinated Al atoms,
relation to the total Al content of the glasses,

f 45Al ~4!3100/@Al ~4!1Al ~6!#,

f 65Al ~6!3100/@Al ~4!1Al ~6!#.

In both series of glasses (AlxAs40Te602x and
Al xAs402xTe60), Al alloying lowers the fractionf 4 . For ex-
ample, in the AlxAs40Te602x ternary,f 4 decreases from 18%
to 10% asx increases from 10% to 20%~Fig. 4, inset!. While
in the AlxAs402xTe60 ternary, f 4 shows a modest decreas
from 11.1% to 9.1% asx increases from 10% to 20%~Fig. 5,
inset!.

The local structure seems to play a major role in t
composition-dependent switching behavior of Al-As-T
glasses. In both AlxAs40Te602x and AlxAs402xTe60 series of

s

s

FIG. 3. Variation of switching voltages (Vth) with Al content for
Al xAs40Te602x and AlxAs402xTe60 (5<x<20) glasses.
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FIG. 4. Compositional dependence of the 76.206 M
27Al-MASS NMR spectrum of AlxAs40Te602x (10<x<20) glasses.
The chemical shifts near 0 and 60 ppm are assigned octahedra
tetrahedral coordinations, respectively. Inset shows the compos
dependence of the % fraction of fourfold (f 4) coordinated Al at-
oms; f 45Al ~4!3100/@Al ~4!1Al ~6!#.

FIG. 5. 27Al-MASS NMR spectrum of AlxAs402xTe60 (10<x
<20) glasses. Inset shows the composition dependence of th
fraction of fourfold (f 4) coordinated Al atoms; f 4

5Al ~4!3100/@Al ~4!1Al ~6!#.
glasses, at higher Al content (x.15), f 6 is greater thanf 4 .
The presence of larger numbers of sixfold coordinated
atoms results in increased structural cross linking in
As-Te samples. In samples with high network connectiv
structural reorganization required for memory switching b
comes difficult, and threshold behavior is favored. On
other hand, in Al-As-Te glasses with low Al content, fou
fold coordinated Al atoms promote structural flexibility. Ne
work structural reorganization is easier, and such glasses
hibit memory switching.

In this context, it is also interesting to compare switchi
behavior and Al coordination in Al-Te and Al-As-Te glasse
In Al xTe1002x glasses (17<x<30), Al is found to be both
tetrahedrally and octahedrally coordinated, with the fractio
f 4 and f 6 being almost equal at allx compositions.17

Al xTe1002x glasses at all compositions exhibit memo
switching8 only. This result confirms that a larger fraction o
the sixfold coordination of Al is required for threshol
switching in Al based glasses.

2. The thermal stability and electrical switching
of Al-As-Te, As-Te, and Al-Te glasses

In addition to the local structure, thermal properties a
also found to play a role in the switching behavior of A
As-Te samples. Table I summarizes the glass transition
crystallization temperatures of representative AlxAs402xTe60
glasses, obtained by DSC. It can be seen from Table I
the glass transition temperatures of Al-As-Te samples
crease with the Al content, in a fashion parallel to the switc
ing voltages. Earlier papers8,18,19 also indicate a direct rela
tionship between switching voltages and glass transit
temperatures in chalcogenide glasses.

Furthermore, we note that for memory switching to occ
crystallization temperatures of glasses are generally low.
crystallization temperatures increase linearly with Al co
tent, and for the threshold sample (Al20As20Te60), it is about
100 °C higher than that for memory materials.20 Further, the
separation between the crystallization and glass transi
temperatures of AlxAs402xTe60 glasses (Tc2Tg), which is
indicative of the stability of the glass against devitrificatio
increases withx ~Fig. 6!. Such an increase in the therm
stability of Al-As-Te glasses at higher Al content also co
tributes to the memory-threshold change observed in
switching behavior.

As mentioned earlier, Al-Te and As-Te glasses exhi
only memory switching in the entire composition range
glass formation.7,8 Al-As-Te glasses, on the other hand, e
hibit memory or threshold behavior depending on the co
position. In this context, it is interesting to compare the th

nd
on

%

TABLE I. Variation Vth , Tg , Tc , Tc2Tg , and r of
Al xAs402xTe60 (0<x<20) glasses.

x Vth Tg ~°C! Tc ~°C! Tc2Tg ~°C! r ~V cm!

0 48 110 182 72 2.123104

5 54 125 215 90 8.543104

10 71 137 244 107 5.453105

15 120 149 280 131 7.543106

20 140 166 336 170 3.603107
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mal stability of As-Te, Al-Te, and Al-As-Te samples. Th
thermal stability of Al-Te glasses decreases with Al conte
in spite of the increase inTg due to the decrease inTc ~Ref.
21! ~Fig. 6!. The decrease in thermal stability also contri
utes to the memory switching exhibited by Al-Te glasses
higher Al concentrations, in addition to the coordination e
fects discussed earlier. Figure 6 also shows the compos
dependence of thermal stability of As-Te glasses. It can
seen that the thermal stability of AsxTe1002x glasses, unlike
the AlxTe1002x samples, increases with composition (x). The
memory switching observed in these glasses may arise du
the lower coordination of the constituents.

FIG. 6. Variation of thermal stability (Tc2Tg) with composi-
tion for Al-As-Te, Al-Te, and As-Te glasses.
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IV. CONCLUSIONS

Bulk Al xAs40Te602x and AlxAs402xTe60 glasses (5<x
<20) are found to exhibit a change in the electrical switc
ing behavior~memory to threshold! as a function of Al con-
centration. MASS NMR studies indicate that, in the
samples, Al resides in tetrahedral@Al ~4!# as well as octahe-
dral @Al ~6!# coordination environments. The fraction of fou
fold coordinated Al atoms decreases with the increase in
content in both series of glasses. The larger fraction of s
fold coordinated Al atoms at higher Al content leads to
increased structural connectivity that is less favorable
structural reorganization. Consequently, these samples s
threshold behavior. The comparatively larger fraction
fourfold coordinated Al provides the structural flexibility re
quired for memory switching at lower Al concentrations. T
composition-dependent memory-threshold change is
consistent with the variation with composition of the therm
properties of Al-As-Te glasses.
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