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ApaTRACT

A new eedel Bs preesdntod whieh cxpliing the recontly ohaorved oscilltores
Pl o el Campgnarting neClesog Tidos,

The moded s boeeed oo w comhinadron of thermad and pliotoindoeed effects, 1
ean also bl Fov prodictiog the caperimental conditions for ubs

retrgr light-
foditeed Listalihity anid oseilatory phonomena in other amerphous semiconduetor
lilms,

§ 1. Ixtnonveron

In recent years considerable inferest has developed in connection with

ononlinear optical propertics of condensed maiter,  OF special interest are the

non-tinear optient phonomenn that oceur at relalively low levels of Tight
ltensity, as these efiects may find appiieations in ntegrated opties. Perhaps
the rrost promising effect is the intrinsic optical bistability in ervstalline semi-
conductoms phgerved by Cibbe, MeCal, Venladeaan, Cossard, DPas
Wieemana (1876 sud Miler, Sesth wodd Johnston (L8793 (gee alese Abpadaum aand
Bmith s ' :

In the past few years it has been veported that strongly non-linenr optical
phenomena vecur inamorphous evaporated GeSe, films.  The first observations
were made on a-UeSe, Tilms on silica substrates. 1t was found that under the
influence of & continuous fosused He-Ne laser beam, the transmission and
reflection. coelficients of the {ilm show periodie oscillations in time, above a
threshold  ~2 KW cin-® {Hajts, Zental and Késa Somogyi 1977, Hajté and
Apaj 1980, Hajtd HO80), ‘ ‘ _

More recently, the optical bebaviour. of self-supporting a-GeSe, films has
been studied (Hajtd, Jdnossy and Forgdes 1982). In this case non-linearity
oceurs ab muel lower intensity levels (~50 W em=2).  Oscillation of the optical

et i

propertics vecurs only in a narrow inteasity range.  Bistability and hysterests

were also fowud, without placing the sample in an optical resonator,
Bifferent mechanisms have been suggested to explain this peculiar optical
Lehaviour,  Furekus (1981) propessd that the observed anomalies are due to o

T Present address o Department of Eleetrieal Engineering, University of Bdin-
burgh, Scothind, '
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collective phenomenon of the charged and neutral defects present in evaporated
a-GeSe, films.  Recently Phillips (1982} suggested that the oscillatory behaviour
is closely connected to the laser-induced reversible microerystallization, which
was observed in a-GieSe, with the help of Raman spectroscopy (Griffiths,
Espinosa, Remeika and Phillips 1982).

Recently {Hajté and Janossy 1983) an alternative interpretation has been
considered in which laser heating produces the optical anomalies.  This moedel
gives o naturnl explanation of the differences in the behaviour of self-supporting
samples and thu:_\u on substrates. In the latier case the heat is conducted
away much more efficiently from the illiminated spot and consequently in this
ersse aomuceh Ligher Taser fickd iz necesutry to produce the same thermal effect.
The pure theernl model explaing the optical bistability, in terms of a mixture
of “absorplive " and “dispersive ” ypes of bistability (Abrahwn and Smith
1682),  Furthermore it accounts for the obscrvation that the critical laser
power densities depend on the beam diameter.  On the other hand it does not
explain the escillatory behaviouar.

1t was supeested by us that the oscillations can be explained by taking into
account the photostructural changes induced by the laser beam in chaleogenide
glasses (sce, for example, Tanaka 1080).  The aim of the present paper is to
treat the combined effeet of the luser heating and photostructural changes
guantitatively wnd to show how these effects ean produce oseillations.  We
conline owrselves (o werersible photostructural changes (Tanalka 1980),

The photostructurn! changes are nsuatly mueh slower than the thermal
elfeets Thus the pure thermal mode! (Hajtd arsd Jdnoessy 1982) is relevant
for experiments in whiels the itensily B seansed fash enongh to prevent

signilivant photostrnetueal chooness o the present paper wo diseies The
oppestie it e what happens of fored mbensity. T the theoreticad deserip-
Uon, presented fn 20 we consider Tor the sake of simplicity only the changes
of the o phion cocllicient. Dnoreality the refractive index is ulso temperature
dependent aonl shows photo-dnduced changes (Tanaka 1980, Hajto of ol 1982).
This fact wllds o vember of complieations to the phenomenon.  \We think
however Ui our siniplified degseription reflects the main feabures of the under-
Iving mechanisnn Also we show in the diseussion (§ 3) this mechanism should
also lead to oscillations in other chaleogenide amorphous semiconductors,
provided that the relevant parameters (wavelength of light, tempvmtme and
thitkness of the film) ave propercly chosen,

THEORETICAL CONSIDERATIONS
2.1, Thermal effrcts
A previce reatment of theraal effects was hased on the strong tempernture
dependence of the absorption coefficient e (at fixed 'aw{,l:.ntrth} which is
observes in st amorphous semiconductors above room temperature (Mott
and Davis 1478). This dependence ean be described by Urbach’s rule,

E,~hv
o=y GX] -‘w —]\—T—_ . (l)

The contral problem (disenssed by Hajtd and Janossy (1983)) was to deter-
mine tenipeeatiee sise in the iwminated spot due to the dissipation of the laser
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bdam. Thiswasealeulated by assuming that the heat lossis due to the difference
in temperature hetween the illuminated spot and that of the film {the * spot
temporature ' 7 and the * Tilm tonperaturee” 7'0)0 Fhns the spot temperatare
wag determined from the uquzlt;icm :

o ‘ -
:'—-1;]!)(1)-—(7’—3"1.-). : (2)

where % and 7, arve constants determined by the thermal constants of the
material and geometry, ./ s the incident laser flux, [ is the dissipution coeflivient
{ = dissipationfincident flux) which depends on ¢ und thus on 7', [ ig stmply
related to the transmission and reflection cocefficients (¢ and A respectively) as

‘ Dl =) — K. (#)
For sell-supporting samples,
o T 2 U (a2 0 2oy cos 28], '
‘ : (4)
Woew g 0 (1717 = 2 cos 24 [, J
where n, = (n 4 1)% /40, 7y = {n— 1)/l and -

)

11'_--&,\:]__) (zl), 8= il nl.
. Ay

where L is the sample thickness and e the refractive index
The stationney vadue of the spot temperature can be determined from the

equation . oy e -
i pd DT 22 T (5)

together with the slability condition -
'\

=

(f‘(i]--:‘ ()

Discusaon ol e solnliaons of the above equations enn be favad in Hajio
and Fianossy (Tt LU ds shown theve thot, ab cebtain eritical intensities,
Cthermal run-away T oecwrss This s the wrigin of the discontinuitios ohserved
when the intensity is se ahned, .

To deseribe what Twppens at fived intensity, the photoinduced Processes
must also be considered. Lo order to make the deseription quantitative, we
use the theory of photostraciural changes presented by Kolobov, Kolomiets,
Ronstantinoy and Lyubin (1081). In § 2.2 we briefly swmmarize this theory.

2.2 Photostruclural changes

A detailed dezerviption of photostruetural changes in amorphous chaleo-
genide semiconductors s been given by Tanaka (1950}, Acéording to Tanaks
(L980) these siroetaral changes ore due to photoinduced displacements of
chaleogen wtone A fraction of these atoms cansitin two different equilibrinm
positions. Chna configurationa] coordinatd dingran these positions correspond
to the minima ol e doable-well potential.  One of the minima represents the
ground state :nul the other van he considered as ao metastable exeited state,
Transitions feam one configtiration to the other oceur throngli photoinduced
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" and-—near the glass transition temperature—pure thermal processes. Accord-

ing to Kolobov ef al. (1081), the photoinduced transitions consist of two steps .
o thermally activated small displacement of the atom and an electronic
excitation by the inecoming photons, which is folowed by a relaxation to the
hnew equilibricm position, ‘

" Kolohov of al. (1881) found the population kinetics sre governed by the
equation 4N 1 ‘
: B ok A7 P e N O AU AV I {7}

dt T :

where N s the number of units in the metastable state divided by the total
number of sites, and oy wul o, are the crosssections of the transitions from the
ground state to the metastable state and for the inverse transitions, re\pvutl\'vl\,
The temperature dopomiome of the eross-sections can be expressed as

(s == L\ \I) - i /;\.T f = ], —~ . (S)

where A, ~1/T, The act‘ivatiou energies &, arve of the order of tenths of
electron-volts, ' 7
In eqn. (7), 7 is the relaxation time to the ground state via pure thermal
trangitions. This relaxation s usually very slow, except near the glass-
transition temperature 7', and it can often be neglected., :
The stationary solution of equ. (7) is

L oy - 1
SOV (ot U b fosp [ NIRRT

i

with /- o AR
b e \ﬂill{ N

)-"'l_ sl i sl ':'f\.| Ul ( IO

%

LY Eoguation {7) can

AN NN _ 1 .
o e oWkt — e J(n,L +oary) b (1)
T

i T, Tq

The next problem to be constizered is the cooneetion between the value of
Noand the onlieal parameters of the substance,  For the sake of simplicity we
assume thal the photeinduced processes infhuence only the vidue of «, otherwise

—the Urbach mile (eq. (1)) rewoning valid,  Furthermore we take o, proportional

to N, With this assumption we derive from eqn. (9) an equation deseribing the
kinetics of photostructural changes

_;_2“_01,, N | ‘ | (10)

wheve o is e slationary vadue of g
— A

T, .J )= . ST
W T T enp (- ABIET) ()

To sum dp, we have the following piuture of photostructural change in
amarphors semiconduelors,  The atomie configuration in amorphous m aterials
is not =0 strictly determined as in erystalline solids, and a large number of
melastable configneations can exist in them. In amorphous chalcogenide
materials interaction with light guanta can eause certain atomrs to move from
one equilibriun position to another, thus altering the structure.
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© In our description, the instantaneous structure of the amorphous network |
is characterized from the optical point of view by the value of &, ; «, represents
the fraction of atoms in the metustuble state. Under the influence of laser
irradiation the network approaches an equilibrivm struckure in which the
number of transitions from the ground state to the metastable state equals the
number of inverse transitions,  This is chm‘ncterizor_! ry the equilibrium value

of oy, a, (T, .J).
We note that the mrzq;hfu‘nlmna m.ulv i deviving the exact form of a (7, ]}
(egn. (11}) wre not essential in deseribing the oseillatory plmnomcnon The

importent point is that Ihm'(: exists an esquilibrium valve of o, (2,) which is
determined By Chie Denvperad e, o] o some vases Ty Che Tights tnfensily nlso,
Nowever, &, docs ol depend on the previons history of the iluminated spot,
but the value of w, itzelf does depend on the previous history, ane at a given
moment it ecan be Jareer or .;.l}d”t v than the equilibrium value at a given
temperature and intensity.  Foothe fiest ease, (o> 2,), «, decreases (photo-
bleaching), in the second {a, <o) o, increases (photodarkening).  Thus whether
darkening or bleaching oceurs under the influence of the laser boam depends
on the history of the given spot. This fact was proved experimentally by
Avervanov, Kolobov, Kolomiets wd Lyahin (1681). ,
Finally we esimate the enerey chonve of the systom associated with photo-
structural changes, Tanaka (JuR0) deduced from volume e lmutrc measurenents
that during photostractiend processes Ve TP 10 o ? atoms are moved.
Furthermore, aconrding (o experinents, in a-GoeRNe, o byvpleal relaxation time
Aoy photostructurad chanwes ot roeg tompemtare el an infensity level of
e B s Y a0 D secnndan Sivgoes that the one

Coreleased or alisorbaed

trosie nlomire even s ool e theo §ooV D Phe enerry elimge pee seeod per

e e T e P

foat e lureal o sndder Thuese corditions dors not exceey
PW e However, the encrry pradvaction due 1o nornal absorption Ja,

Tunder the owame eonditions, e o0 PO WY ot where we have  faken
o L0 vt Uonsenuently, when determining-the ser indueed heating, the

Lok
eneryy chuauee ascocinbed with photostructaral ehanges ean be negleeted,

28 Delersination of the statlonary stale and Hits stability
According to the considerations presented in §§ 2.1 and 2.2, the spot
temperature 7" and o, can be considerad ag independent variables which satisfy
the equations

(12)

(13}

The statipnary solutions (i.o. at 07'/6 = da,) 2t =0} of eqgna. (12) and (13) are

i Doty Ty =T =Ty : (14)
2y = 2T, ). ' (15)

For the present apalyais if is very foportant to note that under the present
experimental voneditions the thermal relaxation thime 7, is much siatler than the
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structaureal velaxation time r, (this was inferved from expertmental observations),
As alvendy mentioned, we found 7, to be a few seconds ot J ~ 50 W em~%
However, mensurements with a ¢ lmpped laser beam showed anocther relaxation
process with a time constunt of a few milliseconds. A rongh estimation of the
parameters invelved in equ. (12) showed that this latter process can be identified
with the establishment of a pseudo-thermal equilibrium, associated with the
actual value of e,.:

- As a consequence of the large (hffprcno“ between = and T, WE Can assume
- that after switching on the laser, & pseudo-thermal equilibrivm is first quickly
. established which corresponds to the actual value of a,.  As «, is changed by
the lager beam, the spot temperature follows “adiabatically ’ the pseudo-
equilibrium value corresponding to the actual structure.  The main point,
“however, iz that this psendo-cquilibrium is nob necessarily stable against
thermal flictuations (with fixed o4). -

To derive s condition of thermal stahitity et us denote by 776 the tem-
perature of the pseudo-equilibriv with a given o, (e, 27 i3 a solution of
eqn. (14), while cqui. (15) i3 not necessarily satislied).  If by a lhmma! fluctua-
tton 7" is chanyged to T8 4 57, from eqn. (]2) we obtain

25T @ vy e
r S g W D= (T = 13T

-\s Ty 18 pm.h\ e, o' relaxes to zero if

S (TE T <, (16)

This cordiiion can algo be expressed in o more epnvenient form. Let s
Cexamine how T ehanges o changes 1o ag -+ 82 Irom eqn. (14),

' _ . YT o
Blapd Drer 0N T e e By

s d 1D = (T8 T Y378 = 0,

it

- As ean be seen Trom eqns. (3) and (4), @7 Ex, > 0 {t.e. for a higher absorption
cocffivient, there is a higher dissipation if all other peu'amcmr are fixed).
Conscquently the stability condition (16) ean be written in the form
8‘5’-()
TR 0. : {17
In fig. 1« is plotted against 7% for different laser intensities (different
values  of 1;);’) The parameters used were L=6pm, F,-hv=0138eV,
o= 300 I, 5 == 250, cos 28 = 0 (the temperature dependence of # is neglected).
These pa mn.mlum correspond to the data of a-GeSe, self-supporting fitrs (Hajto
and Jinossy 1983 The dotted lines, where 8a,/T®) <0, correspond to un-
stable solntions. 1t ean b seen from fig. | thut Lthere is o region on the «,, T
dingrim where stuble sotations do not exist, The unstable region separntes
sotutions which correspond to the *illuminated ” and *dark " states, respectively.
The stationary solution can he found by plotting e (7} on the same diagram
as the w,(7) curves.  As o given intensity the intercept of o(T) and e« (T')
determines the stalionnry salution, 2 (7)) erosses the unstable region there
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Graphical determination of the stationary state,  'The continnous and dotted lines
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slale coppesponds Lo {he interee ptoel e L) and sy T b Gracithtion osenns
when the wtereepd is i The wiestibbe veghon,

B an intersity interval where the infercept corresponds toan unstable sohation
in thia ease oseitlation aceuwrs, "

To iltustrate this we chose the parameters involved in Rolobov's theory in
an arbitrary manner (g (0) =2 x i(}‘ eml Bi=040 eV, Ky=020V, f=2)
and pure thermal relasation s neglected (/=05 As shown in fig. 1, with
these paramoeters osciilation ovenrs in the intensity range 510 <n/ <800,

Tn § 2.4 we sanalyse in detai] the behaviodr of the film in different intens sty

- ranges, assuming that the filny was previously annealed,

Mechanism of oseillation

Aveording 1o our considerntions, three differsnt.intensity ranges can ho

(li;‘at-ilwui%livtl

(1) 'Ihe intensity ia smaller than the l(mu threshold for oseitlation.  In

this case only photodarkening takes place md a stationary state is established

in the inminated side.

{2} When no stable stationary “ohxtton wyists, we use the t-ime—("w.pem:lcnt
equations {12) and (13) to mlcu!alc the time variation of o, and T, Because
the pseudo-thermal equilibsium is established much faster than the struetural

etuilibrivm, we ean regard the o, ' point (characterizing the state of the gpot)

ags moving alony the «, {7 curve corresponding to fiwd intensity. 1t always
moves in the direction in which the absolute vaiue of x, —ay decreases, The
different stigres of the oselllation are Hustrated in fig, J Let us start with a
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Fig. 2

-

~
10 . . e g
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o {2) switch to the dark stade,

Different stages of oscillation : (1) photodarlening
(3) photobleaching, (4) switel to the illiminated state.

somple for which ot the begineing w, is smells The o, @' peint is on the
illminaded branch of the corve. s ooy, in snadior thare e, photodiirkening
oceyrs and the point moves towards the wistable reion, - When it reaches the
bovndary of the unatable region wodiveontinuowsswiteh takes place, According
o oe anndvain Phis mweifch is fast, oand there is no Hme {for photostructural
ehinges 1o take place, Lo, o, remaing thesame, Greaphicsily this means that
the spot “moves ' hovizontally until 0 renehes astable psewdo-equilibrium
temperature on the dark side. Along the dark beancho ol 1he curve g is larger

than . so pholobleaching oceurs and the =, 7' point again moves towards
the unstuble region, At the houndary the next switch takes place to the.
Muminated state, again fagt enough to avoid any significant change in e«
Thus =, aguin becomes smaller than ey and the whole eyele recommencdes,

The variations in oy, =, and 7' during the eycle are presented in fig. 3 for
nJ =830, The covresponding oscillution in the transmission and reflection
coefficients are shown in fig, 4, where for comparison experimentally recorded
curves are o shown,  Considering the sinmplifications we have made in our
meled, qpuantitative ngeeament of the experimental curves with the ealoulated
ones cnnnot. be expeeted, but the similarity in the general features of the
curves i obvious.

(1) If the intensity is higher than the upper Bmit for oscllation, photo-
darkening ocewrs first, followed by a switch to the dark state.  In the dark
state photobleaching oceurs hut is not sufticient to switch the spot back to the
fHuminated state; a stationary state is established. e note that if the laser
bewn is switched off and after some thne is turned on again, the thermal
equitibrium corresponding to the illwninated state is Tirst established (because
hefore switehing on the Iaser, 7= 7). The stationary state is reached again
throveh photodarkening, discontinuity and photobleaching. . This effect has

z

hicen ohzeeved ina-CleSey lms (Hagtd and Jinossy 1983, § 3.3, fig. 6).
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§ 3. Discussion

in § 2 we showed that a combination of thermal and photostructural effects

leadds to highly non-linear behavionr and to oscillatory phenomenon in chaleo-

genide nmorphous senicomduetor libns, Our theory explains the main features
of obsorvalions made of self-supporting a-Gese, films {Hajtdé el of. 1082},
namely that oscilations cceur in a narrow inten%itv range ; the oscillations
consist of four different steps; ab lower intensitics * memory effect ' phota-
darkening is observed, at higher intensities the stationary state is reached
through-photedarkening and discontinuity, and thig processisrepeatedevery time
the light is switched off,  We believe that more detailed agreement could be
obtained by taking into account the changes in the refractive index. A further
improvement may also be obtained if the themnal relaxation of o, could be
taken into account, which may have some significance in the dark (high-
teniperature} phase of the oscillation. '

In principal the same theory should hold for GeSe, samples adhering to a
substrate, the main difference being that bigher intensities are needed, and as
a consequence the oscillations ave faster.  Indeed, the recorded transmission
and veflection oscillations show similar features of self-supporting samples
(FEajto 1080, Thagle and Apai 1080} A remarkable difference, however, is
that the curves oblained with Gose, flims on substeades are very noisy, especially

o Cin the dark state,

~In some cases the noise hecomes so strong that it is hard to distinguish it
fraom the oscillatioss,  This makes it difficult Lo carey oib systematic measure-
ments with sueh sumples. : : .
As an explanation of s fael we swogest, following Phillips (1082), that the
noise 1= due Lo laser-indnceed revepsible microervstatlization, and it “simply
rellects the noise of N 2 108 microerysiattios randomly swit¢hing from the
ovdered ervslaliine to disordersd plassy conligurations ™ (Phillips 1982). The
same effvet Is mueh weaker in self-suppocting [ims becawse of the much
smatler light intenzily, . ‘ : ‘
Fimliv, we note that according to owr model oscillation should oceur in
any amorphons semiconductor lhm provided that

ght and film temperatire

r«

{1} the sample thickness, wavelength of the Ii
e |:|(:[1t;|\ choeaen, and
2 U1 s deery \~|||u Ium Lions of 7, .

(=)

(

To show this, consider any mulm wind for which U rbaeh’s rule is valid,  Asg ¢

first stop the boundar v oourve hefween the stable and unstable regions has to be

determsined. Phis curve depends ondy on the thickness £, the film temperature,
Teand K ~he. Thos if £, Ty and (by choosing the wavelength properly)
£, hv are chosen to have the same value as for the curves prcscntul in fig. 1,
th(‘ game boundary curve is obtained,

The condition for oseillation is that o,(T) should pass through the unstable -

regiori,  This condition s, of course, not avtomatically satisfied for a given
thickness.  However, as o, [7) ab fixed 7' is inversely proportional to L (D
depends only on 2,0, see cqns, (1), (3) and (4)), e,(7') should necessarily intersect
the bovndary coeve i the thivkness is small enough (see fig, 8). Thus if the
il s Lhanner than a evitiead value of L, oscillation should oceur.  The above
consideration iy serve as a guide to finding oseitlatory phenomenon in other
chateorenide materialy l :
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o Fig. 53
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