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The Director, 
Advanced Research Projecta Agency, 
Washington, D. C. 20301 

Contacts Between Chalco^enide Glasses, Metals 

and Semiconductors 

!■    General Summary of Current Work 

The two-main purposes of the re search-here-described are to elu- 

cidate the mechanism of threshold switching, and to explore systems with 

contact materials which can be electronically altered in situ.   With this 

end in view, the experimental work performed during the last six months 

has concerned itself with the feUowtng problems: 

(a) calculation of the voltage-current characteristics in the ON- 

state, based on a free-carrier space charge model,- 

(b) establishment of a criterion for the instability (threshold) point, 

based on the equivalence of dielectric relaxation time and car- 
rier lifetime, and 

(c) attempts at correlating carrier lifetime with the short-term     • 

memory and minimum holding current of-threshold switches, ^, 
\ 

\ Status Report 

(items.correspond to those listed above) 

(a)   A variety of ON-state experiments carried out in the past have 

yielded evidence which cannot be reconciled with ionic space i 

charge models.   The barriers which evidently control the ON- 
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State react too quickly to deformation 1?> externally applied 

voltages and are too temperature-independent to be ascribed 

to carriers in traps.   However, barriers can also be formed 

by a deficiency or excess of free carriers.   The questions 

i  were, how can such barriers be maintained and, if main- 

tained, what would their voltage-current characteristics be. 

A paper, given below as Appendix A, addresses itself to this 

problem.   The barriers are assumed to be transparent to 

electrons (Fowler-Nordheim model applied) in the voltage- 

region over which the ON-state is observed.   The sharp de- 

pendence of tunnelling current on barrier thickness explains 

the steepness of the ON-state characteristic, and also the 

sharp cut-off exhibited by ON-state transients.   The compari- 

son between theory and experiment is not yet extensive, but 

the available results are in good agreement.   The paper has 

been accepted for publication in Applied Physics Letters. 

(b)   Past experiments have yielded a good deal of information about 

the ON-state, but the nature of the threshold point has re- 

mained a controversial matter.   On the basis of polarization 

arguments, the equality T
d = ^ is proposed as die critical 

condition,   7d being the relaxation time and r^   the carrier 

lifetime.   It has been shown that this is the condition under 

which a "neutral pulse" (i. e. a region with an excess of elec- 

trons and holes in equal concentrations) will polarise com- 

pletely, to the extent of electron and hole clouds drifting apart 

before recombination.   Such a polarization has long been known 

to exist (see above) in the ON-state, but it was never clear how 

its formation might be initiated.   The statistical nature of the 

switching delay suggests that the original neutral pulse arises 
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from shot noise.   It decays harmlessly if Td'< 7^ , but 

polarizes completely (as far as. the film thickness will allow) 

for T    = T, .   Because the conductivity is field-dependent, T d 

diminishes with increasing field.   On this basis, a number of 

other properties of threshold switches can be predicted and 

successfully compared with experiment.   Appendix B of this 

report is concerned with these matters.   A modified form of 

this paper has been accepted for publication by Applied Physics 

Letters. 

(c)   As is well known, the threshold voltage, VTH, of the chal- 

cogenide switches depends on frequency of addressing pulses. 

If a switching pulse is followed by another pulse after a time r, 

the VO.TT of the second pulse is reduced in comparison to the 
TH 

first pulse (Fig.  1).   A characteristic time Tk can be defined 

as shown, to mark the position of the knee.   The interpretation 

of this curve has long been a problem, in particular because rk 

is almost independent of temperature.   This mitigates against 

interpretations in terms of trapping and argues for a free car- 

rier model.   It was therefore of interest to compare T^ with the 

lifetime Tj of free carriers, as determined in the course of ex- 

periments on the transient response of ine ON-state,    [S. H. Lee 

and H.  K. Henisch, Solid State Electronics (in print)]   There is 

a good deal of scatter, but within the spectrum of results obtained 

on a variety of switches rk varies by a factor of 10 whereas 

TJTJ is virtually constant at 4 ± 1. 4.   One can say that Tk is 

roughly proportional to Tp .   More experimentation is needed to 

sharpen these relationships.   An attempt to correlate Tk and the 

minimum holding current L,„ was not successful.   What ought to 
Mn 

correlate is, of course, the minimum current density, and we 

JT 



do not actually know how much the diameter of the ON-state 

filament varies from switch to switch. 

Another problem related to r,  is its observed de- 

pendence on film thickness.   If it were a lifetime-related 

property and all other parameters were constant, there should 

be no such relationship.   A possible answer may be found in 

the dependence of film structure (and hence lifetime) on film 

thickness.   It is known that thicker films are far more readily 

crystallized than thin films under small thermal or even 

mechanical perturbation.   This shows that thicker films are 

under larger internal stress.   In order to investigate this as- 

pect of film structure, sputtered films on graphite are begin- 

ning to be studied with Reflection High Energy Detection Dif- 

fraction (RHEED) techniques. 

3.     Note on Personnel 

In addition to the Principal Investigator, Dr. S. H. Lee (Research 

Associate), Mr. D.  Burgess (Graduate Assistant)*, Mr. R. W. Pryor 

(Graduate Assistant)** and Mr. G. J. Vendura, Jr.  (Graduate Assistant)*** 

have been employed on the contract. 

*upto July 31,  197,2. 

**up to September 29, 1972. 

***up to June 15, 1972. 
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APPENDIX A 

The ON-state in the Chalcogenlde Threshold Switches 

S. H.   Lee 
Materials Research Laboratory 

The Pennsylvania State University 
University Park, Pennsylvania 16802 

Abstract 

The ON-state of the chalcogenlde glass threshold switch is analyzed. 

on experimental results which call for thin free-carrier space charge re- 

gions at the electrodes.   Carriers are assumed to tunnel through the cor- 

responding barriers which are, in turn, maintained by the joint action of the 

electron and hole flow.   The calculated voltage-current relationship is in ex- 
cellent agreement with observations. 

P 



The ON-state in the Chalcogenldo Throshold Swif.nhps 

S. H.   Lee 
Materials Research Laboratory 

The Pennsylvania State University 
University Park, Pennsylvania 16802 

The nature of threshold switching in chalcogenide glass films has been 

subject to much discussion and controversy in recent years.   Here   we pre- 

sent an analysis of the ON-state based on field emission from the electrodes 

mto the chalcogenide glass film.   Experimental evidence supporting the pre- 

sent discussions is obtained from 1.2 ß thick chalcogenide films of composition 
Te40As35Ge7SL18' sandwiched between two graphite electrodes. 

During the ON-state, the voltage across the threshold switch is known 

to be insensitive to the thickness of the film, the voltage being slightly greater 

than 1 volt.   This implies that there is very small potential drop across most 

of the film.   Three possible potential profiles could thus apply during the QN- 

state:  (a) potential drop mainly at anode and cathode; (b) potential drop at the 

anode only; or (c) potential drop at the cathode only.   The electrothermal and 

thermal theories^ '  ^ support, (a), while van Roosbroeck's analysis^ takes the 

view of (b).   Although compelling evidence for either one of the above views is 

lacking, it is here assumed that the potential profile (a) prevails.   The reasons 

are as follows:  when a switch is relatively new, it is sometimes observed that 

the switching process consists of two steps as shown in Fig.  1, suggesting that 

the breakdown takes place in two locations.   Since the chalcogenide glass is 

considered as a nearly intrinsic semiconductor, electron and hole are placed 

on equal footing in this discussion, but strict equality is not actually an es- 
sential part of the argument. 

Here, we propose a double injection inodel, as discussed by Mott(4) and 

1 
/ 
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Hensch   Fage„ anc. Ov.h^^, consent with (a).   Space charges of op- 
Posue slg„s are established at the electrodes; holes and electrons are as 
sumed to tunnel through the potential barrier (Fig. 2). 

lifet Jlnr be n0ted ^ the d0Uble inJeCti0n m0del dema"^ ^ '»e 
.     WeUme o, the carrier be longer man the transit time of the carriers across 

^switch    That Wit time is estimated to be ^ sec or ZKZ 
alcogemde g.ass of thickness of about f ..   In the same mmS) the ^ 

of carr.ers as observed by Lee and Henisch is about lO"7 sec<6( 

The presence of s^ce charge after, and therefore also during, the ON- 
a^e has been established^.   The distribution of ^ ^ ^^ 

be discussed.   There are two possible modes:  (1) a bound spaee ^ ^ 

* 2 "-t-buted as in the case of Schotte barrler.-^reToni.ed d^ ors o 

a ceptors provide the necessary potential fall on the side of semiconductor 

AUernattvely. (2) the space charge Is made up of free carriers, under ^e dy- 

nanuc con   tlons which prevail in the presence of electron and   o.e flow      ' 

However, the f.rst hypothesis involves a difficulty.   An analysis by Mott(4) 

showed that such a space charge would have to occupy deep traps i ^ten 

■al banner were to be thin enough to let the carrier tunnel through    yeT 

««s ts mconsistent with the temperature independence of the ON-state a^ with 

the speed of space charge reversal (about nanoseconds) as observed") b" 

vers,^ the polarity across a switch: in the ON-state.   Such a rapid polarity re 

versal mplies that very.shallow t^ps-or, more probably, mobil   ca^ etare" 

i— m the process.   This difficulty is removed by the choice of th       co: 

a    r^t ve of space charge distribution.   Moreover, the consequences of this 

stnbuuon can be shown to be in harmony with experimental results, as wil 
now be discussed. * 

Consider the conditions at the cathode.   During the ON-state   electron, 
are injected in the chalcogenide ^lass film hv fh.r , T      ■ elect^ns b^uiue c>iass mm by the field emission.   These elec- 

/D 



trons are accelerated t.crossDthe potential fall, thereby becoming 'hot', but 

are then thermalized once they are in the region beyond the knee.   On the 

other hand, slow holes move into that region from the opposite direction. 

Since current continuity prevails, this must result in the positive space charge 

at the knee of the potential fall.   Thus, the process is self-sustaining.   If the 

direction of the field is reversed during the lifetime of the free carriers, 

space charges of opposite sign (and thus barriers) are regenerated.   The 

process is rapid, because the interior of the film is highly conductive. 

The dependence of the current on the applied voltage during the ON- 

state may be estimated as follows; In the barrier, the potential is linear. 

This means that the main portion of potential fall is free from space charge 

(Fig. 2). This is possible because the carrier speed in this region is very 

high and does not contribute to charge density. All the space charge is as- 

sumed located at the knee of potential fall. 
'' ■ . 

The electron current,   j^ at the .cathode is given by an expression, 

first obtained by Fowler and Nordheim, in M. K. S. unit^: 

^l^JO E
2.exp(_6.83xl09[w]3/2.A/E)   ^^ (1) 

where E is the field at the electrode, w is the barrier height, here at least 1/2 

electron-volt during the ON-state.   A is the Nordheim elliptic function which is 

in practice equal to unity.   For field strength of 109 v/m, and 1010v/m, the 

exponential term is exp(-2. 34) and exp(-0. 234) respectively.   This means that 

for plausible barrier fields, as estimated from the current density^, the ex- 

ponential term may be approximated as unity.   The current density can thus be 
written as, 

4   - L 54xlO"TO  „2   /A ,   2N 3e -—E  -(A/m ) (2) 

// 
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An ON-state characteristic is schematically shown on Fig. 3.   V      is al- 

ways greater than a certain minimum voltage VMO  .   Accordingly, E in 

eqn. (2) is also greater than the minimum field required for the onset of 

emission.   Using the technique shown by Rose, current density can be calc- 

ulated as follows.   The charge density per unit area, cr, accumulated at the 
electrode, is given by, 

o- =M= e(V-w/e) 

and the transit time, Tr, across the barrier of thickness, ^ , is given by 

_*-ab _   ^-^b)2 

Tr     E^LT" (V-w/e)-M -, (4) 

where V is the potential drop across one barrier.   Ab is the tunneling distance, 

which is assumed to be small; and iiQ is the effective hot electron mobility. 

If a certain fraction 9 of the surface charge takes part in tunneling, the elec- 
tron current density, j , becomes, e 

.     ea    ee(v-w/e)2Me 
•'e     T ,,,    "   .3— (5) 

With j = je + jh and E = (V-w/e)/ (9v- 7^), the thickness of the potential fall, ^ , 
can be eliminated as between eqns.  (2) and (5), 

M. 54xlO"10 3     12, 2 
3 = 4(—^ ) (W^ (v0N-2w/e)   (A/m) (6) 

where 

(7I*)2= (~-)2-»- (^:)2,andVON-2V 
e h 

and the subscript h stands for hole.   Assuming that the cross-section of the cur- 

/^ 
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rent remains the same, eqn.  (6) shows that j is expected to be proportional 

to the square of (V0N-w/e).   This is indeed observed, as shown in Fig. 3. 

The field emission process is further supported by the following ob- 

servations.    First, the current-voltage relationship during- the CN-state is 

insensitive to the ambient temperature^.   Second, the electrodes during 

the ON-state appear to be hotter than the chalcogenide glass film itself^9, 6l 

Third, the fluctuation in the delay time can be interpreted as the reciprocal 

of the probability of an incident electron having enough energy to tunnel through 

the.barrier.   Accordingly, the fluctuation of the delay time should be smaller 

at the higher ambient temperature and this is actually observed. 

In the discussions above, it is assumed that ON-state is already estab- 

lished, and maintained by the fie Id-inject ion of carriers, resulting in a high 

carrier concentration in the bulk of the film.   A similar process is found by 

von Hippel and his colleagues in KBr with a large concentration of color 

centers      .   When the density of color centers and the level of the photo- 

excited carrier concentration exceed a certain limit, field emission from the 

electrode sets in.   The difference between the photoexcited KBr and the chal- 

cogenide glass are as follows:  the former involves excitation of carriers by 

light and a gradual increase of conductance as the field is increased, while the 

latter involves well defined switching from the OFF-state to the ON-state at the 
threshold voltage. 

The author is grateful to Professor H. K. Henisch for many'discus-      1 

sions which clarified the various concepts presented here.     T would also        ! 

like to thank Professor N. F. Mott and Professor M. Kikuchi for encourage- 

ment and Messrs.  R. W.  Pryor and S.  R. Ovshinsky for help.   This work | 

was supported by the Advanced Research Projects Agency of the Department 

of Defence and was monitored by Dr. C. Boghosian, U. S. Army Research 

Office, Durham, N. C., under contract No. DAHC04-70-C-0047, 

73 
A 



6. 

i '    ,       » 

i '  • ' '        ' References i    , 

1. K-W. Boer, phys. stat. ,sol,  (a) 4, 571 (1971). i 

2. A. C. Warren; Elect, i Letters 5,'461 (1969);       : 

:  H. S. Chen and T. T. Wang, phys. stat.  sol. (a) 2,  79 (1970).    '•   ■ 
3. W.  van Hoosbroeck, phys. Rev. BS,' 2154 (1972). ' 

4. N.- F. Mott, Phil.i Mag. 24, 911 (1971). 

5. H. K. Henisch, E.  Fagen and S. k Ovshinsky, J. Non-Cryst. Solids 
4, 583 (1970) 

i ■   i 'i -'■■..._   , '   i 

6. S. -H. Lee and H. K. Henisch, to be published in Solid State Elect.   «= 

7. H. K. Henisch, R. W. Pryor and G. V. Vendurä, Jr., Int. Conf. on 
Amorphous Semiconductors, Ann Arbor (1971).   '      i 

8. R. Gomer, Field Emission and Field lonization, Harvard University 
Press? (1961); '       ;     , , 
A. van der, Ziel, Solid'State'Physical Electronics, p.  114.   Prentice- 
Hall (1957),, ;   ; 

9. A, D.  Pearson and C. G. Miller, Appl.  Phys. Lett.  14, 280 (lp69). 

10.  A.^vonHippel, E. P. Gross, J. G. Jelatis and M. Geller, Phys. Rev. 
91, 568 (1953). , i .        '      •'i '. 

i 
i 1        , i , ' i 

1       l .      I 
•■ . • ■ • 

■ I 
: 

! ' 1 ' I 
.1 

,    ■     •■   . i- : ■        i 

/^ 

■        - ' ' i 

f- 



pulse gen. 

OFF 

'ob 

U 

■^5- portiol ON 

-■> time 

•^H—   01M   —H 

'ON 

FIG. 1    Schematic diagram showing the observed voltage V , across the 
° ^      ob 

specimen during double switching. 
/^ 



o» 
I- 
to c 

cathode •• 
I 

w     J 

en 
»_ 
a 

u 

X 

chalcogenide glass 

charge induced 
on the cathode 

(a) 
■ 

■ 

}-*• anode 

charge Induced 
on the anode 

(b) 

:    ■ 

FIG. 2    Potential profile and space charge distribution during the ON- 

state.    (a) Mobility edge and the double barrier system,    (b) In- 

duced space charge distribution. 



mA 

50 

40 

30 

20 

d) 
■0- 
o 

■*- 

</> 
I 

o   10 
o 

JZ 

en 
c 

3 

^    5 
C 
W yi t    4 
3 
O 

i—r"T~1~Tnr"rT 

3- 

0.1 

slope 2 

2.0 
V0N-2w/e 

FIG. 3   Current during the ON-state. . (Henisch, Pryor and Vendura, 

Jr., loc. cit. ) The ON-curront is measured by a pulse technique 

(pulse frequency:   10 Hz, pulse length:  —3 /isec). ,y 

/' 



APPENDIX B 

Threshold Switching in Chalcogcnide Glass Film; 

-S. H. Lee and H.  K. Henisch* 
Materials Research Laboratory 

The Pennsylvania State University 
University Park, Pennsylvania 16802 

. ■ 

ABSTRACT 

On the basis of polarization arguments, the equality T   = -^ is 

proposed as the critical condition for the threshold point of chalcogenide 

glass switches, r^ being the dielectric relaxation time and Tj,  the carrier 

lifetime.   It is shown that this switching criterion is in good agreement 

with measurements, and that it explains the temperature dependence of 

the threshold voltages as well as the voltage-dependence of the delay time. 

♦ JMCJIS+Jfcsltjicjcs); 

The nature of threshold switching in chalcogenide glass films lias 

been the subject of much discussion and controversy in recent years.   In 

previous work, the present authors^ and others^*' 3) have drawn atten- 

tion to the essentially electronic nature of the switching process.   Argu- 

ments are here presented which relate switching parameters directly to the 

measured electrical properties of the glass film.   Experimental evidence, 

some new, some taken from the literature, which supports this discussion 

was obtained on films sandwiched between pyrolytic graphite electrodes. 

Previous workers have noted four characteristic features of 
threshold switching systems: 

!_   The threshold voltage V^ when measured with square-wave 

pulses, is temperature dependent in accordance with an equation in the 

*Also affiliated with the Department of Physics. 
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form(4) 

VTH = A'BT f1) 

where A and B are constants.   Such an equation is valid up to (say) 4500K 

above which VTH diminishes asymptotically,  rather than linearly.   This 

may be associated with changes of a permanent nature, as the glass goes 

through a phase change at a temperature of that order. 

2^   The switching delay time td of a thin chalcbgenide glass film 

with applied voltage V can be expressed by an equation of the form^ 

td = tdo exp (-V/V0) (2) 

where tdo and Vo are constants.   Two restrictions have already been noted 

on previous occasions:    (a) When (V-V     ) is large,   i. e.  at high over- 

voltage,  temperature changes may have to be envisaged,     (b) When 
V Ä VTH' ^ is n0 longer well defined, but is subject to a wide statistical 
spread^). 

3^   According to Haberland and co-workers' % switching cannot oc- 

cur until a certain minimum charge qH has been stored In the system, and 

that charge turned out to be independent of temperature, at any rate between 
2730Kand 360oK. 

The proposed interpretation of these features is as follows.   When 

an equal number of electrons and holes are injected into a semiconductor, 

e. g. by a short light pulse or by any other mechanism, the electron-hole 

cloud will become polarized by the prevailing electric field.   According to 

Kielson     and van Roosbroeclr   , the polarizability,  a is given by 

-el^.y/^-r-1)! (3) 

where Mn and \i   are the electron and hole mobilities in that field, T^ is 

the carrier lifetime and Td the dielectric relaxation time.   Equation (3) ap- 

'1 
,- 

/ 
■ 
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plies, no matter whether T , » 7^   or T
ci ^ '!^-   Ii^pection shows that 

an instability is expected for T
d = ^ •   Under these conditions, the ap- 

proximations involved' in the derivation of .eqn.  (3) are not actually valid, 

and a new formal derivation must be sought.   This will be given in a separate 

paper'    ', but the same result can be arrived at intuitively.   When the di- 

electric relaxation time and the carrier lifetime are equal, the electron 

and hole clouds will drift apart before any substantial amount of recombina- 

tion has taken place.   Once apart, recombination stops altogether.   For an 

infinite semiconductor, the polar izability would become time-dependent 

simply in accordance with 

a = et[/in+ Mp]. (4) 

Meanwhile, reference to experiment shows that the carrier lifetime and the 

dielectric relaxation time are in fact approximately equal at the switching 

point.   The former has been estimated by Lee and Henisclr    ' as 10 

seconds before 1990K and 306oK, and that value is in agreement with the di- 
-S electric relaxation time (8 x 10     sec), as calculated from the measured 

conductance and capacitance (Te4oAs35Ge7Siifi alloy)-   Though the experi- 

ment accuracy is not very high, there is what must be considered good sup- 

port for the contention that r^   = T
£j at the threshold point.    It must be 

remembered that rd at V = ¥,„„ is always much smaller than r, in equi- 

librium (V ^ 0) because the effective conductivity increases with field. 

This is, in fact, the principal claim here made.   Inter alia, it leads at once 

to an explanation of eqn.  (1).   A temperature-independent T , implies a 

constant conductivity, since there are no significant changes of dielectric 

constant.   The differential conductivity may be'expressed approximately 

as 

o = o0 cxp [-M] (5) 

where a is a characteristic distance.   "Phe threshold conductivity o^.. cor- 
1 ri 

\ 
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responds to a threshold field E   „ = V^^/L, L being the film thickness. 

With (W-eaETI,)/kT constant, eqn.  (5) directly implies eqn.  (1), with A = 

WL/ea.   Experimentally, we may compare W, obtained from thermal acti- 

vation energy of the film, with Aea/L, obtained from the empirical rela- 

tion of eqn. (1).   For most of the specimens used by Walsh, Vogel and 
(12) 

Evansv   * the agreement is excellent, as Table I shows. 

TABLE I 

Comparison of Experimental Results Obtained by 
Walsh, Vogel and Evans" with Present Model. 

Walsh and Evans 
Sample Nos. 

0-20-1 0-30-2 0-30-1 0-30-4 0-20-Ref. 5 

W(ev) 0.35 0.35 0.35 0.35 0.35 

^(ev) 0. 37 0.37 0.38 0.39 0.23 

[The first four samples ranged in thickness from IJLL to 3jLt.   The last 
sample was described as "much thinner".] 

Equation (5) also means that the current is given by 

_     T r   W-eaEn 
(6) 

This equation applies on a stable basis up to the threshold point I     , E     >' 

and for times such that 0<t<td it is also valid for small overvoltages. 

This permits us to calculate the charge passing in the time t,, this being 

here taken as the minimum delay time for a given applied voltage.   Since 1™™ 
(12) xn 

has been shownv    ' to be constant during t,, 

qH = Wd 
from which, with eqn.  (6), we obtain 

. /-.       r  eaV ■> t^qjjCexpt-.^] 

(7) 

(8) 

l\ 
/ 

■ 
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where C is a constant (independent of voltage).   This is clearly of the 

form of eqn.  (2). 

The existence of a minimum charge q™ as such is also plausible 

within the model here suggested.   When r« = r ,, the polarization within 

the film proceeds in time until charge accumulates near the electrodes. 

An appropriate free-carrier space-charge system has already beendis- 

cussecT    '.   However, this system is self-sustaining only if the contact 

barriers are thin enough to permit tunneling, and that, in turn, demands 

the accumulation of a certain minimum charge.   One would expect this 

charge to be independent of temperature, as in fact is is, because it does 

not matter in this context whether it cohsists of free or trapped carriers. 

sfe iij die jfc sft die ifc rf' ik stc 
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