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.MEMORYHSWITCHING EFFECTS IN As-Te-I CHALCOGENIDE GLASS -
Robert M. Jecmen
Inorganic Materials Research Division, Lawrence Berkeley Laboratory.and

Department of Materials Science and Engineering, College of Engineering;
’ University of California, Berkeley, California

ABSTRACT .

The mechanism of switching an A50.53T90.4310'04 glass from the

memory'to the high resistance state and the effect of cycled switching

‘on the chémical composition and electrical propérties of the glass was

studied. Switching to the high resiétancé state Wasvfound_to occur as
a.result of lbule heating and subsequent melting df the crystalline
filamentary path. Of the two filamentary segmenté which form upon
completlon of the méﬁor& state, the negative electrode segment is more

stable upon switching to the high resistancelstaté.' The negative elec-

.trode segment is believed do be crystalline AszTe3._ Cycled switching

can be carried to high repetitions without substantially changing the
chemical composition or electrical properties of the glass and its

memory state provided the proper choice of switching and growtﬁ

_ current pulses are made.



. I. INTRODUCTION
Ovonic memory switching (OMS) occurs in a large number of semi-

conductiﬁg'glasses.l’z’3

The éwitching ﬁrocess is chargcterized by a high

resistance state when a Volfage less than a crifiéal‘value (Vthreshold)

~is appligd‘across a sample. When the voltage is increased to the

threshéld value, the glass switches to a low resistance state. This

low resistance state‘remains stable as the voltagg is reduced to zero

‘pfoVided the voltage pulse was maintained at the threshold value for

a critical'length of time, This memory state ié cﬁaracterizéd by a

visible filémentary path in the glass matrix. bIt is generally accepted'

that this filamentary path is a crystalline phase of much higher

conductivity than the glass matrix. Switching from the conductive

state back to the original high ;eéistance sfate cah be accomplished

by passing a»current pulse greater than a critical value (IC) which

is in turn'greéter than the currént‘magnitude used in forming the

mempry'stéte (If). i |
This switchiﬁg process from the conductive memory state back to

the original h&gh re;istance state has not beeﬁ studied in great

detail.b It hés been proposed that thié portion of the Switchingvcycle ‘

occuré as:a result of_Joulé heating and subsequeﬁt melting of the

crystallin_e.filament.4 The cessation'of the switching pulse (Is)

unendhes the filameﬁéary region iﬁ the glassy.high resistance state.

The observations, however, have been limited to the visual disappearance

of the filamentary path upon switching to the nonconductive state.



Successfu1 app1icati§n‘Of.this mémory éwitchihg phenomena is
contingent upon stable performance during répeatéd switching. The

effect of repeated cycling on_thevcompositiOn,-ctyStallinity,'and

electrical:properties of the memory state as well as its effect on the

critical electrical paraméters'of switching muSt:be determined.




IT. SAMPLE PREPARATION

A chalcogenide glass with composition ASO.53 Te0.43 10_04 was
selected for study. The glass composition has been reported to display
memory switching by Pearson in 1970.5 The components were weighed
under a nitrogen atmosphere and placed in a quartz capsule. The
capsule was evacuated to 10—3 Torr, cooled in liquid nitrogen to
prevent vaporization, and sealed with an acetylene torch. The sealed
capsule was then placed in a protective molybdenum cylinder which
was rotated in a furnace at 1000°C for 72 hours. The melt was cooled
initially to 500°C and finally quenched in water while still protected
by the molybdenum cylinder. This provided a slower quench and avoided
severe cracking due to thermal shock. Small pieces of glass were
chipped from the resulting ingot, mounted in an epoxy resin and
polished.

An electrode mask assembly was designed so that metallic electrodes
could be vapor deposited on the surface of the polished glass sample.
The design was such that any of 32 electrode gaps could be independently
activated by applying an external power source to the proper points on
the assembly. (See Fig. 1) A photolithographic process was used in
which the electrode design was cut out of a transparent ruby lith
paper, photographed and reduced in size 117 times. The glass sample
was then covered by a Shipley photoresist solution, dried under an
infrared lamp, placed in contact with the photoreduced electrode mask,

and exposed to an intense light source. The exposed sample was placed
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in a developer for several seconds, washed, and dried in nitrogen.

This left the dried photoresist solution only in those areas which
were protected from the exposure by the mask. The sample was then
placed under a vacuum of 10—6 Torr and Sn was vapor deposited over

its surface. Finally, the sample was washed irn acetone which dissolved
the pﬁotoresist solution layer, lifting the deposited metal off with
it, and leaving the well defined electrode pattern on the glass

surface.



ITI. POWER APPLICATION

The thirty two electrode gaps on the glass sample were activated
one at a time by placing two tungsten wire probes in mechanical contact
with the appropriate areas on the deposited metal electrode. The
probes were positioned through the use of an optical microscope and
two tranélatable stages. One stage positioned the positive tungsten
probe with respect to the optic axis of the microscope. The second
stage translated the sample.

The power was applied 1in pulses by a constant current source.
The circuitry was designed such that current pulses from 0.1 ma to
6.0 ma could be chosen. The pulse shape could also be regulated from
0.5 ma to 1 second for each of the rise, hold, and fall segments of

the current pulse.



IV. SWITCHING OBSERVATIONS

A. Mechanism of Switching to the High Resistance State

It has been found that a current pulse of greater magnitude than
that used in forming the memory state is necessary to switch back to
the high resistance state. The switching process is accomplished by
passing a single pulse of current through the memory state filament.
The magnitude of the pulse (IS) necessary to switch to the high
resistance state is a function of the current of formation, If. In
general, IS =~ 1.5 If. This is a rough relationship and is seen to
vary * 0.4 ma upon repeated testing. In all cases, however, IS > If.

The switching process from the memory state to the high resistance
state is characterized by a visual disappearance of the memory state
filament. Figure 2a shows the memory state filamentary path connecting
the two vapor deposited metal electrodes on the surface of the glass
sample. The formation current magnetude was 0.8 ma, and the pulse
rise, hold, and fall times were 5 ms, 20 ms, and 5 ms respectively.

In Fig. 2b, the memory filament is seen to disappear after a switching
pulse IS = 2.0 ma had been applied.

An electron microprobe experiment was carried out to determine
the changes in composition which occurred in the filamentary region
as a result of switching to the high resistance state. The original
memory filament shows a dramatic increase in Te concentration compared
to the matrix glass level. This is accompanied by a corresponding

decrease in As and I in the same region. This finding is consistent



Fig. 2(a) Completed memory state
filament.

XBB 735-3366

Fig. 2(b) Loss of filament upon
switching to the high
resistance state.



with R.oberts'6 determination of the memory state as pure crystalline
Te. The remaining As and I counts arise as a result of the electron
beam penetrating through the filament and producing counts from the
glassy region underneath the memory path. The filamentary region,
after switching to the high resistance state, also shows an increase
in Te concentration over the matrix glass level. However the increase
is not as dramatic as in the memory state. Therefore, switching to
the high resistance state caused a decrease in the Te concentration
and a resulting dispersion of the Te concentration profile. (Fig. 3)
The observations of IS ~ 15 If, the visual loss of the filamentary
path upon switching, and the decrease in magnitude and dispersion of
the Te concentration profile indicate that a Joule heating and melting
mechanism is responsible for the switching process from the memory
to the high resistance state. Calculations show that the energy input
from a switching pulse of 2.0 ma with rise, hold, and fall times of
5 ms, 20 ms, and 5 ms respectively is far in excess of that necessary
to melt a pure Te crystalline filament of the size found in this
experiment. Thus a melting mechanism is likely which is a sensitive
function of the thermal conductivity properties of the surrounding

region.

B. Switching Negative Electrode Filaments

Often a memory filamentary path is composed of two segments.
One grows from the positive electrode and is characterized by a

segmented structure caused by the current pulsing during formation.
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Fig. 3. Electron microprobe analyses of Te concentration in
filamentary region of an original filament, a filamentary
region switched to the OFF state, and a reformed filament.
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A less common phenomena sometimes occurs in which a filamentary path
grows from the negative electrode as well. This part of the filament
is usually very straight, subsurface, and lacking detailed segmented
structure. When the two different filamentary paths meet, the memory
state is achieved. These two filamentary segments, referred to as
_positive and negative electrode filaments, exhibit different properties
upon switching to the high resistance state. In Fig. 4a, a completed
memory state can be seen composed of both positive and negative
electrode segments. Upon passing a current pulse of 2.0 ma (Fig. 4b),
the positive electrode filament is seen to disappear whereas the
negative electrode segment remains stable. Figures 4c, 4d, and 4e
show the negative electrode filament to be stable upon further switching
pulses of the same current magnitude and pulse geometry.

An electron microprobe analysis of the Te concentration in the
negative electrode filament shows it to be higher than the matrix
glass level but substantially less than the positive electrode filament
(Fig. 5). This cannot be taken as immediate proof of a different com-
position because of the beam penetration phenomena mentioned before.
Thus variation in filaﬁent thickness could cause the difference in
Te counts observed using the electron microprobe. However, this
experiment is completely reproduceable, so chance thickness variations
are extremely unlikely.

These findings indicate that the negative electrode filaments
may be a different phase than the crystalline Te positive electrode

filament. The increased stability upon switching can be explained



Fig.

XBB 734-2912

4(z). Original memory state exhibiting positive and negative electrode

filamentary segments.
4(b-c) Negative electrode remains stable upon subsequent switching pulses

of 2.0 ma.
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Fig. 5. Electron microprobe analysis of Te concentrations
of positive and negative electrode filamentary segments.
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if the negative electrode filament was crystalline AszTe3. It ds
reasongble to assume that crystalline AszTe3 well have a substantially
higher conductivity than crystalline Te because of arsenics' relatively
high conductivity. Thus, for a similar cross section, less Joule

heating will result in an As negative electrode filament than in

te3
a Te positive electrode filament. Lower temperatures will result and
this will cause the observed increased stability upon switching to

the high resistance state.

The subsurface nature of negative electrode filaments also improves
the heat conduction properties away from the current carrying filamentary
path. As was mentioned before, the heat conduction properties are
important factors in determining the current magnitude necessary for
switching to the high resistance state. Thus higher currents will be
necessary to build up the same temperatures as that found in a surface
filament. This is undoubtedly another important factor causing
increased stability of the negative electrode filaments.

The melting point of AszT is approximately 50°C lower than Te.

3
However, the combined effects of its increased conductivity and sub-
surface nature should more than compensate for its lower melting point.
The AszTe3 negative electrode phase model is also necessary to
explain the electron microprobe data. The microprobe analysis indicated
the negative electrode has a higher Te concentration than the 53 atomic
percent found in the matrix glass but less than the 100% Te found in

the positive electrode phase. The 60 atomic percent Te found in

AszTe3 lies in the proper range.
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C. Filament Broadening Observation

The switching ﬁrocess from the memory state to the high resistance
state is dependent upon a history of pulses passed through the memory
state as well as the current of memory formation If. It was observed
that 1f the current being passed through the memory state was increased
gradually rather than abruptly, then the memory state would remain
stable at much higher current levels than normally needed to switch.
The resistance of the memory state would decrease simultaneously as
the current being passed through the filament was gradually increased.
The effect of increasing the current being passed through the filament
was to increase the width of the filamentary path (Fig. 6). As the
current is increased, the surrounding matrix glassy region heats up
to the point where it melts and an additional width of crystalline
Te memory filament forms. The filament widening mechanism occurs so
as to slightly reduce the voltage across the memory path as the testing
current magnitude is increased (Fig. 7). This occurs as a result of
the cross sectional area of the filament increasing such that the
current density actually decreases slightly as the testing current

is increased.
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If = 0.80 ma

XBB 735-3222

If = 1.0 ma If = 1.2 ma

Fig. 6. TFilament broadening due to gradual increase in
testing current.
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function of the testing current.
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V. CYCLING OBSERVATIONS

The effects of repeated switching from the low to high resistance
state and back again were studied to try and determine the stability
of a potential device using this type of switching mechanism.

A series of photographs is shown in Fig. 8 depicting the visual
changes in the electrode gap upon repeated switching. It should be
noticed that by using a switching pulse of 1.4 ma with rise-hold-and
fall times of 5 ms - 20 ms and 5 ms respectively the filament grown
at 0.8 ma was not only destroyed but a second filament was being
formed one segment at a time with each successive switching cycle.
After 10 cycles, the 1.4 ma switching pulse actually completed its
own higher current filament shown in Fig. 8(J2). Note the section of
subsurface negative probe filament completes the path between the
electrodes. The resistances of conductive and non-conductive states
were kept for each cycle for these experiments. The data is given
in Table 1,

Subsequent cycling experiments were carried out in an attempt
to prevent the secondary filamentary growth from occurring. It had
been previously observed that a conductive filament would not grow if
the current pulse parameters (rise-hold-fall times) were not in a
proper range. Specifically, growth would not occur if the hold time
was very short. Thus the switching pulse was changed to 5 ms rise
1 ms hold and 5 ms fall while the growth pulse (non-conductive to
conductive switching) was maintained at 5 ms rise 20 ms hold and

5 ms fall times. Photographs of this cycling experiment are shown in
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filamentary region. If = 0.8 ma, I, = 1.4 ma,
Row 1 is ON state and row 2 is OFF state.

Fig. 8. Successive switching cycles of one
5 ms rise, 20 ms hold, 5 ms fall times.
Specific cycle in the series is indicated by the letters A through J.
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Fig. 8. Successive switching cycles of one filamentary region. If = 0.8 ma,
Ig =1.4 ma, 5 ms rise, 20 ms hold, 5 ms fall times. Row 1 is ON state and row 2
is OFF state. Specific cycle in the series is indicated by the letters A through
J'
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Ef fect of repeated switching on ON and OFF
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Table 1

state resistances.

Exp. 1 Exp. 2 Exp. 3
Cycle #
ON Q OFF § ON §2 OFF Q ON OFF Q
1 2000 € 29000 & 1750 @ 41000 Q@ 1750 35000
2 1875 28000 1575 40000 1750 37000
3 1625 29000 1750 40000 2250 36000
4 1550 28000 1750 40000 2250 36000
5 1550 28000 1625 40000 2100 34000
6 2125 32000 1600 39000 2100 35000
7 2250 30000 1400 conductive at | 1875 | 35000
1750 §

8 1950 29000 2250 36000
9 1825 27000 1875 35000
10 I 2100 | 43000
11 1750 40000
12 2100 39000
13 2400 38000
14 2300 37000
15 2500 36000
16 2300 36000
17 2500 35000
18 2000 35000
19 2250 34000
20 2250 35000
21 2500 35000

22

23

24

25
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Fig. 9 and it is evident that a secondary filament is not forming due
to the conductive to non-conductive switching pulse. However it should
be noted that with each‘growth cycle a short segment of negative

probe filament is forming which does not get destroyed by the ON
(conductive) to OFF (non-conductive) switching pulse. The negative
probe segment cannot be directly seen in the photographs since it is
subsurface but it can be evidenced by the position where the positive
probe section of the filament stops in the conductive state and the
regions of undulations in the "hillock" region which surrounds the
filaments. With repealed switching, this negative probe filament
section increases to the point where it itself forms nearly the entire
conductive path and ON to OFF switching ceased to function at the

1.5 ma current level employed on all previous cycles. The data of

the resistances per cycle is also given in Table 1 for this cycling
experiment.

This cycling experiment was repeated once more in an attempt to
prevent not only the secondary filament formation upon ON to OFF
switching but also negative probe filament growth during the OFF to ON
filamentary growth process. If this can be achieved, cycling may be
possible for extremely high repetition rates without necessary changes
in the switching current magnitudes to compensate for the secondary
or negative probe filament formation. The problem is that prevention
of negative probe growth seems to be based on electrode geometry,
pulsing parameters and possibly some unknown additional parameters.

Thus the negative probe growth results change from electrode gap to gap.



Fig. 9.
I
s

XBB 734-2911

Successive switching cycles of one filamentary region I
= 1.5 ma, 5 ms rise, 1 ms hold, 5 ms fall times.

f

= 0.8 ma,
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In order to carry out this experiment, a gap was chosen which originally
showed no negative probe phase upon completion of the conductive state
of the first cycle. The OFF to ON current pulse was 0.8 ma and the
switching ON to OFF current pulse was 2.0 ma with parameters of 5 ms
rise 2 ms hold and 5 ms fall. In all three cycling experiment the

OFF to ON parameters were 5 ms rise 20 ms hold and 5 ms fall time.
Photographs of this cycling experiment are shown in Fig. 10. As can

be seen, even in this case a negative probe phase began to grow after
cycling began. However, the rate of negative probe filament growth

per cycle was far less than the previous experiment and this particular
gap was switched for 25 times and still remained functioning. However
at the later stages of cycling, the filament became irregular in shape
and not all of it would be destroyed by the 2.0 ma ON to OFF switching
current. Thus it was assumed that eventually, the cycling process
would fail to function when due to the irregularities of filament
formation in the later cycling stages, a filamentary path would be
formed which would not switch from ON to OFF from the 2.0 ma pulse.

A 4.0 ma pulse was used at cycle 21 and the entire filament,
positive and negative probe sections as well was seen to disappear
leaving a hillock empty of any filamentary definition. Thus it may
be possible with suitable choice of switching (ON - OFF) to growth
(OFF -+ ON) current ratios, the switching process may be cycled to
far greater repetition rates with the problems of negative probe

filamentary phases or unswitched positive probe phases being eliminated.



Successive switching cycles of one filamentary region.
2.0 ma 5 ms rise 2 ms hold 5 ms fall times.

XBB 734-2908

If = 0.8 ma
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A final cycling experiment was designed to avoid both positive and
negative electrode filamentary segments based on the results of the
first three cycling experiments. A switching pulse current magnitude
of 6.0 ma was used to avoid the stable negative electrode segment
from shorting out the electrode gap and a short duration current pulse
of 0.5 ms rise, 2.5 ms hold, and 0.5 ms fall times was used to avoid
the growth of a secondary filament. Figure 1lla through 11lp shows
the memory states during cycling up to cycle no. 30. (1lp) Notice
in Fig. 11m, the memory state is composed of nearly all negative
electrode filament. Figure 1lln shows the switching pulse has completely
destroyed both the positive and negative filamentary segments of the
previous memory state since the new memory state exhbits a much greater
proportion of positive electrode filament. The cycling was carried
out to 50 cycles with no consistent change in the visual or electrical
properties of the filamentary memory state or those parameters necessary

to carry out the switching from the memory to the high resistance state.

(See Fig. 12.)



Fieg. 11,
s
s

Memory states of one filamentary region during cycling.
= 6.0 ma, 0.5 ms rise, 2.5 ms hold, 0.5 ms fall times.

8 XBB 735-3224

If = 0.9 ma,
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Fig. 11 (Cont.)
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Fig. 12. Varizt.on in memory state resistance during
cycled switching.



-31-

VI. GROWTH RATE STUDY

The photographs shown in Fig. 9 were used to get a measure of the
filamentary crystal growth rate as a function of cycling repetition.
Since the switching mechanism from the memory to the high resistance
state is believed to be a melting process which leaves a high Te con-
tent in the region, the reformation filamentary growth rate could be
expected to increase over that of the original growth rate because
long range Te diffusion would not be necessary to build up the Te
concentration in the filamentary region. This hypotheses is born
out by inspecting the photographs in Fig. 9. It should be noted
that the filament structure consists of narrow segments normal to the
filament which crystallizes during one growth pulse. Thus a measure
of the segment width will give an indication of the filament growth
rate for any specific repetition in the switching cycle. It can be
seen that the growth rate is not even constant within one filament.
Thus to compare any two filaments, the same area of the filament must
be used for growth rate analysis. The growth rate data derived from
these cycling experiments is summarized in Fig. 13. In all cases,
the growth time per segment is assumed to be 20 ms, the hold time.

It may indeed be somewhat longer if growth occurs during a segment
of the rise and fall times. However, this would just add a constant
to the growth time and not affect the growth rate dependance on

switching cycle.
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Fig. 13. Functional relationship of crystal growth rate
of filament with switching history of filamentary
region,
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VII. REVERSE POLARITY STUDY

The effect of reversing the polarity of the current pulse was
tested on the growth of a memory filament. Figure 14 shows that one
pulse (5 ms - 20 ms - 5 ms) was sufficient to completely destroy that
portion of the memory filament already grown. When the duration of the
reverse polarity pulse was reduced, (same current magnitude as original
growth pulses) the filament was seen to grow back to the new negative
electrode and then begin growing out of the new positive electrode
upon repeated pulsing. Often the original partially grown filament
would begin growing back to the new negative électrode and then stop
when a crystallite of irregular shape formed on the receding tip.

(Fig. 15) The filamentary tip would also seem to widen once it has
stopped receding because of the formation of a crystallite. This
experiment exemplifies the importance of the electric field in the
mechanism of memory state formation. The receding filament can be
explained as a result of Te ions being pulled off of a molten interface
between the glass and the crystalline Te filament. The reverse
polarity electric field pulls them toward the new positive electrode
which then begins to crystallize out its own positive electrode
filament (Fig. 15e). This process indicates the original mechanism of
memory state formation to be a melting of the matrix glass due to
Joule heating, and then a subsequent migration of Te ions toward the
positive electrode where they build up in concentration until they

crystallize out as pure Te.
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Fig. 1l4(a). Partially grown memory Fig. 14(b). Destruction of
partially grown filament with

filament.
one 5 ms rise, 20 ms hold,
5 ms fall reverse polarity
pulse.
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15(b-e) Receeding filament and new positive

Partially grown memory filament.
electrode filament growth due to reversing polarity.

Figo 15 (a) L
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VIII. CONCLUSIONS

-

The switching process from the memory to the high resistance state
resistance state seems to be governed by a Joule heating and subsequent
melting of the crystalline filamentary path. Upon the cessation of
the switching pulse, the filamentary region is quenched into a Te rich
glass of high resistivity. The switching process is a sensitive
function of the heat conduction properties of the surrounding region.

The memory filamentary path is often composed of two segments;
one growing from the positive electrode and one growing from the negative
electrode. The negative electrode segment is more stable than the positive
electrode filament during switching. This is probably due to the better
heat conduction properties of a subsurface filament in addition to
the increased conductivity of crystalline AszTe3 over the crystalline
Te phase of the positive electrode filaments.

A filamentary region can be cycled to high repetitions with no
change in composition or electrical properties if a suitable choice
of a switching pulse is made. A current spike < 3 ms hold time is
necessary to prevent secondary filament growth. A current magnitude
2 6 ma is necessary to melt both the positive and the negative electrode
filamentary segments.

The filamentary growth mechanism is based on migration of Te ions
to the positive electrode where the concentration builds up until the
Te crystallizes and forms the memory state. Reversing the polarity
before completion of the memory path strips off Te ions from the molten

interface between the filament tip and matrix glass.
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