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ABSTRACT 

A review of correlations between structural and luminescence properties 
of Ge xSei_ x (O < x < 0.43) glasses is given. Photoluminescence emission and 
excitation spectra, fatigue and decay kinetics of luminescence tn these com
pounds are discussed. Existing data and models are compared and discrepan
cies between predictions of the models and experimental observations are 
pointed out. 

АННОТАЦИЯ 

Обсуждается связь между структурой и люминесцентными свойствами стекол 
системы Ge xSei_ x (0<х<0,43). Рассматриваются фотолюминесцентные эмиссионные 
спектры и спектры возбуждения, уставание и кинетика затухания интенсивности 
фотолюминесценции в этих стеклах. Полученные экспериментальные данные сравни
ваются с существующими моделями и отмечаются противоречия между предсказания
ми моделей и экспериментальными наблюдениями. 

KIVONAT 

Ebben a cikkben összefoglaljuk a Ge xSei_ x (0 < х < 0,43) rendszerbe tar
tozó üvegek szerkezete és lumineszcenciája közötti kapcsolatokat. Részletesen 
tárgyaljuk ezen üvegek fotolumineszcenciája emissziós és gerjesztési spektru
mát, az intenzitás fáradását és lecsengésl kinetikáját. A jelenleg használt 
modelleket összevetjük a kísérleti eredményekkel, s rámutatunk a felmerülő el
lentmondásokra . 



1. INTRODUCTION 

The mapping of the distribution of gap-states in amorphous semiconductors ard 
the extent to which these states can be modified by doping, thermal treat
ment and photostructural changes is a long-standing major scientific issue. 
Among newly emerging methods like deep level transient spectroscopy ÍDLTS) 
and xerographic spectroscopy, luminescence methods - especially the recent 
optically detected magnetic resonance (ODMR) variety [1] - remain invaluable 
in providing information about the nature and distribution of electronic gap 
states which so importantly influence the behaviour of chalcogenide glares 
and amorphous thin layers. 

The Ge-Se family of chalcogenide glasses has recently been gaining 
widespread interest due to its behaviour unexpected in many respects both 
from theoretical and practical points of view. This system is ideally suited 
for examining variations in different properties brought about by changing 
chemical composition, preparation conditions and energy exchange with the 
environment. Some of these binary alloys show giant volume contraction when 
irradiated [2,3], and photostructural changes [4] which make possible their 
use as high resolution photoresists [5-7]. The puzzling transmission oscil
lation observed in cw laser irradiated GeSe2 film is also a sign of its 
response to external stimulation and the seemingly complicated relaxation 
dynamism of the excited metastable structure [8]. 

A growing number of excellent papers has been devoted to studying 
different aspects of the GexSe, „ system so that a wealth of data is 
available for characterizing this system and interconnecting the different 
observations with the structure and the changes induced in it. Our purpose 
here is to bring together pieces of structural information with PL results 
in order to see in what respect and to what extent they corroborate the 
models built primarily on PL measurements and now extensively used to 
interpret the available data. A coherent presentation by Borisova of certain 
properties of the GexSe,j system has just appeared [9] showing the 
pioneering role and important contributions of Russian scientists in shaping 
our concepts for an understanding of the Ge-Se system, the properties of 
amorphous semiconductors and the glassy state in general. 
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2. STRUCTURAL DATA AND PRINCIPLES 

Extensive investigations have shown that bulk glasses up to x ~ 0.45 can be 
obtained in the Ge x

s«i_ x system [10,11]. Glasses of the 0.05 < x < 0.2S 
composition range are readily formed even at low (of an order of -10 K/min) 
cooling rates but rapid quenching is required to make glasses close to x - О 
and x 2 0.33. Investigations have also been reported on amorphous layers 
with 0.45 < x < 0.95 but these were made in vacuum by electron beam evapora
tion or sputtering on cooled substrates [11-13]. Thin glasses of x > 0.45 
compositions cooled from the melt can probably be obtained by the ultrarapid 
quenching methods described in Ref.[14]. 

The majority of binary glasses is obtainable by combining elements III 
through VII. This fact underlines the importance of localized, directed 
(i.e. covalent) bonds in influencing the glass forming tendency. Consequently, 
p-electrons play a decisive role in glass formation. The importance of the 
nature of chamical bonds in the formation of glasses was first noticed by 
R.L. Mjuller in 1940 [15] (see also [16]). His views as well as the claim of 
Wirter-Klein according to which the majority of glasses can be obtained if 
they contain elements of the VI column oi the periodic table were confirmed 
subsequently by scores of experimental investigations ([16] and refs. therein). 

Generalizing the results of her extensive investigations Kokorina 
formulated the necessary and suffucient requirements for glass formation 
which are at the same time the main characteristics of the glassy state [16]. 
These are 
(i) The presence in the structure of localized covalent bonds, 
(ii) The main structural network must be built of infinite polymeric 

complexes. 
(iii) The structural units (central atom with its first-neighbour coordina

tion sphere) should be interconnected by means of two-fold coordinated 
bridging atoms, i.e. by ball-joint type bonds (formed usually of VI 
column elements). 

She went on to state that the quantitative characteristics of glasses 
would depend, in the first place, only on the mean number of chemical bonds 
per atom, in, i.e. on the mean virtual covalent bonding of an average atom. 
She showed also that the properties of binary alloy glasses depend not only 
on in but on the binding energy as well. So instead of the mean number of 
bonds one should use the mean energy of bonding per atom for a better cha
racterization of the glass. By using such a treatment she was able to 
demonstrate that T vs the mean energy or bonds for different binary and 
ternary glasses lay on one common curve. 
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Even if Kokorina's aforementioned requirements for glass formation are 
satisfied and bonding energy differences are duly taken into account different 
systems show a different, tendency towards glass formation. The best measure 
of the glass forming tendency is the minimal rate of quenching required to 
avoid crystallization. 

Covalent bonds impose steric hindrance upon the combining atoms re
stricting their number and the possible mutual positions in the structural 
units and in the network in which the glass is formed: atoms with two 
valence electrors preferably form chains and rings; three- and four-fold 
coordinated atoms - if covalently bonded - tend to form two- and three-
dimensional building units. Chains and layers when filling the space are 
usually held together by Van der Haals forces by nature much weaker than the 
strength of covalent bonds. 

J.C. Phillips [17] made an important contribution to the science of 
chalcogenide glasses when, in describing the short range 
bonding interactions by valence force fields, he quantified the steric 
hindrance due to the covalent bonds. In view ot the small ionicity of the 
bonding in most of the chalcogenides thereby rendering the spheric Coulomb 
forces neglectable (a compared with the directed ones), he defines the 
streric hindrance as chiefly due to only one bond-stretching and two bond-
bending interactions between the atoms. Regarding these forces as a rigid 
mechanical constraint he gave a formula for calculating N , the number of 
constraints per atoms as a function of m, the average number of covalent 
bonds per atom: 

Nco(in) = in/2 + m(m-1)/2 = m 2/2 (1) 

where the first term of the rhs of eq.(1) is connected with bond-stretching 
and the second term with bond-bending forces. The average coodination number 
m is calculated for the ^x^i-x system from eq.(2) 

in = xN c n(Ge) + (1-x)Ncn(Se) (?) 

where N
c n(Ge) = 4 and N c n(Se) = 2 are the coordination numbers for the 

component atoms. 

Formulating the glass condition on entropy terms [171 demanding that 
дБ = О one arrives at the requirements 

со а (3) 
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i.e. the number of constraints acting on an "average" or virtual atom must 
be equal to H d « 3, the dimensionality of real space. For the G e

x S e 1 _ x sys
tem, on the basis of eqs.(1-3), one can deduce first 

N c o ( x ) " 8 x + 2 ( 1 " x > ( 4> 

and then, on requiring N = 3, obtain the most favourable glass forming 
composition: namely, the one with x = 1/6. In other words at i « 2.33 the 
glass forming tendency should have its maximum, borne out indeed by the 
careful investigation of Azoulay et al. [10] (see lower curve in Fig. 1). 
Phillips calls this specific m the central value for the virtual atom coor
dination number, denoting it m , supposedly because the glass formation gets 
more difficult on both sides of x c, the Ge content corresponding to m c. 

In glassy compositions of the Ge

x

Se^^3l system we are concerned with 
alloys where 2 < m < 2.9 the lower limit corresponding to Se. Pure Se is 
known to be an inorganic polymer composed of open and closed, mostly S. 
chains. The introduction of Ge atoms with four valence electrons into the 
bundles of Se chains crosslinks them resulting in the hardening of ti.e net
work well manifested by the exponential change with increasing x of such 
properties as microhardness and T (Fig. 2). 

The difficulty of glass-formation increases considerably for x values 
close to compositions forming stoichiometric compounds with high tendency 
to crystallize. GeSe, is such a compound crystallizing with space group 
P2.j/C [18,19], and GeSe which is outside the glass forming region if the 
latter is mapped by commonly used quenching technique givin cooling rates of 
-100 K/min at most. As can be seen the upper limit of glass formation with 
common means is close to in • 3 corresponding to GeSe, another compound 
existing in crystalline form, in which both Ge and Se atoms are three-fold 
coordinaled. 

It is interesting to compare the glass forming difficulty with the 
density of the binary alloys (Fig. 1). The two curves are roughly mirror 
images of each other. It is surprising at first that the density of glasses 
has a maximum at around x . its value being very close to the density of 
crystalline GeSe2 reportedly being in the range 4.35-4.4 gem [18,20]. The 
density deficits for glassy Se and GeSe, as compared with their crystalline-
state values are -10 and 3 %, respectively. These density differences are 
presumably caused by the rapid quenching necessary to avoid crystallization 
at these sepcific compositions, and thus, in a way, they reflect the glass 
forming difficulty. 
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Although the density data were measured on annealed specimens, in our 
opinion they closer represent the density of as quenched glasses, since «uc.i 
longer (some 10OO hours) heat treatments are needed to achieve a steady sta-.e 
in relaxing the structure [21]. Structural ordering in compositions close to 
x is apparently very difficult since cooling rates of the order of 10~ K/s 
gave &n excellent. GeSec glass [22]. The heat of crystallization can serve as 
a measure of the quality of the glass since the average coordination number 
m of the glass is always smaller than that for its crystalline counterpart. 

An important parameter in Mjuller's model that has been used so 
successfully for explaining, for instance, the electrical properties of 
binyry chalcogenide alloys [23], is the concentration of covalent bonds, 
[v], expressed in mol/cm 100. We calculated the [v] values for certain com
positions in the range О s x s 0.33 where density data were available (see 
Table 1). There are two interesting points to note: (i) Half of the maximum 
number of possible Ge-Se and Se-Se bonds, i.e. the m .imum number of 
different oonds, makes the mechanically most stable glassy network at 
x a 1/6. (ii) (v1+v2)/in is nearly constant in the whole glass forming com
position range - as expceted on structural ground. 

Ideally there should be only Se-Se and Ge-Se bonds in the composition 
range x s 0.33; Ge-Ge bonds are expected to appear only at x > О 33. However, 
there are indications from Raman scattering and ESR measurements that the 
formation ot Ge-Ge bonds starts at x < 0.33 [17,24]. At very small Ge content 
Ge atoms are expected to behave as impurities of pure Se. Electrical conduc
tivity activation energies do not foster this expectation indicating that Ge 
atoms can satisfy their bonding habit making them electrically inactive in 
the glassy matrix. 

An insight into the structural changes caused by increasing x can be 
gained by inspecting the variations in the entropy of activation for viscous 
flow, S^, as a function of composition [25] (Fig. 3). Increasing x values 
leads to increasing in, i.e. the average coordination number of atoms, and 
correspondingly the number of constraints grows continually causing the 
chain-like structure, characteristic of Se, to transform to the corner- and 
partially edge-connected GeSe. / 2 tetrahedra arranged in a layer-like struc
ture observed at x = 0.33. Structural units remain mostly intact in super
cooled liquids of this system [26] and even in the melt, so that 
viscosity reveals the forces holding these units together in the network. 
Detailed investigations showed [25] that Эц is higher than 250 cal/mol degree 
for short chains and rings, it is 70-140 and 10-40 cal/mol. degree for 
glasses composed of trigonally and tetrahedrally connected structural units, 
respectively. 
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Four structural region* can be deduced fro« Fig. 3. Region I 
(2 < • < 2.06) reveals the dominating role of Se chains, the small amount of 
Ge apparently has only a minor effect on the structure. In region II 
(2.08 < m < 2.18), S * 19O-10 cal/mol. degree which is halfway between short 
chain-like and layer-like structures, showing presumably that the structure 
of these glasses is defined by both types of structural units. In region III 
(2.20 < m < 2.38), planar units combine in pairs to form three-dimensional 
clusters. According to ref. [17] these pairwise layer structures have the 
general formula (GeSe^) 2

S e
B - They can be thought of as sandwiches: the two 

outside layers containing Se anious covering the central Ge-containing layer. 
These sandwiches can be stacked forming larger clusters. Only in region IV 
(m > 2.4) does S fall into the range characteristic of three-dimensionally 
connected tetrahedra. The crystal structure of GeSe2 single layer [28] and 
the "outrigger raft" or cluster model [27] based on Raman scattering measure
ments are shown in Fig. 4. If one approaches the structure from the molecular 
unit standpoint a ß-GeSe- layer can be built up from GeSe^ tetrahedra con
nected via Se corner atoms along the a-direction and via common edges wore or 
less along the b-direction. The cluster model of tie glass suggests the 
presence of 6- and 16-membered rings which can be present in the crystal as 
well. The lar-,e clusters which are the dominant structural elements of g-GeSe2 

are supposed as being formed of the stacked layer units shown in Fig. 4b. The 
Se atoms on the edges of these clusters dimerize while those at the end of 
the chains may reconstruct by, for example, bonding to Se chains. The local 
edge modes associated with dimerized Se atoms appear as the anomalous com
panion Raman line at 213 cm .An exc« 
GeSe2 is that by Popovic et al. [19]. 
panion Raman line at 213 cm - . An excellent study of IR and Raman spectra of 

An important recent achievement in the field of thin film structural 
research is the revealing of domain structure of As 2Se, films [29]. In quick 
succession, Chen [30] showed that very thin (d á 500 8) glassy GeSe, films 
also have a columnar structure composed of hills and density deficient 
valleys. The base diameter of the hill-like structure is -300 R, the diameter 
at half-height (-150 8) is close to the size of the columnar structure seen 
by ТЕМ. It was noted that columnar growth in this material is very sensitive 
to the deposition conditions, e.g. deposition rate, vacuum, angle of incidence, 
substrate temperature, etc. The films themselves transform uMer the effect 

—f> 2 of the electron beam therefore stringent beam conditions (I i 10 A/cm at 
the sample) are necessary for successful direct observation of the columnar 
structure. Phillips states [31] (there may be some dissonance on this matter) 
that neither thin films of GeSe2 nor GeSec show the domain structure. He 
concludes that a large-scale domain or columnar structure can exist only at 
compositions where both chemical and mechanical stability are simultaneously 
at a maximum, i.e. when at x_ a stoichiometric compound is formed. 
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3. EXCITATION 

Optical gaps deduced from optical absorption edges are widely used to 
characterize aaorphous semiconductors. Optical absorption edges can often be 
separated into a high- and a low-energy part with a «c (hu - E T) and 
aocexpltf*» - EJ/E 1 , respectively, where E_ is the absorption or Taue energy 
gap. The separation into these two components cannot usually be made 
unambigously. For the < > e

x
S e i _ x system reliable absorption coefficient values 

are available [32,33] so that optical gap versus composition curves can 
easily be constructed (see Fig. 5). 

We should like to recall some important points associated with excita
tion (I D T vs E ) spectra, (i) As the absorption coefficient a increases with 
exitation photon energy the number density of events leading to PL also in
creases and then reaches a maximum. Measurements show that the maxima of the 
excitation spectra appear at a » 10O-1OO0 cm" in the 0.04 < x < 0.33 com
position range. The optical gaps and the maxima of the excitation spectra 
belonging to different compositions run parallel as evidenced by their ratio 
which remains nearly constant thorughout the glass forming composition range 
(see Table 2). In some papers one can find noticeable deviations for pure Se 
and compositions with x > 0.33. 

(ii) The penetration depth of the radiation varies us J({) = J exp(-a£) 
where J(I) is the light intensity at depth t from the illuminated surface 
where the light intensity is I . At higher a values active events take place 
in only a very thin layer of the glass where the concentration of the non-
equilibrium excited species can increase to such an extent that the rate of 
non-radiative recombination might start to dominate the de-excitation 
process often accompanied by changing recombination kinetics. The quantum 
efficiency J D T described by 

ГАЗ 

JPL = Jo P
 P ' p <5> 
*nr yr 

(where p r and p are probabilities of the radiative and non-radiative tran
sitions, respectively) would decrease at high a together with I_T since p _ 

PI* ПГ 
increases. 

Highly absorbed radiation, especially when furnished by a high-power 
source (mostly lasers), can heat up the irradiated volume considerably 
rendering reversible or permanent photofctructural changes possible which, In 
turn, can be responsible for such differences as those found in fatigue 
rates, e.g. in glassy GeSe2. This heating effect is self accelerating since 
a increases with growing temperature (Fig. 6). 
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The PLE spectra reported so far have been Measured in only a limited 
energy range and consist of a structureless band although theoretical calcula
tions predict and photoconductivity excitation (PCE) spectra (see e.g. 1351) 
reveal the existence of two bands. The PLE spectrum of the alloy with 
x * O.I66, similarly to the PCE spectra are composed of two parts (37] : the 
first intense band having its maximum at -1.78 eV (coinciding with the 
maximum of the PCE spectrum for the x * 0.15 composition (35]), and a second 
being about two orders of magnitude weaker than the first one. A comparison 
of PCE and PLE spectra shows their first maxima appearing at nearly identical 
exciting photon energies meaning that PL is always accompanied by free charge 
carrier generation. Moreover, both excitation spectra seem to have profiles 
roughly coinciding with that for the fundamental absorption, therefore the 
species taking part In radiative recombination and conduction are part of the 
c- and v-bands, most probably band tail states. 

4. RADIATIVE RECO« I NAT ION 

The following PL features seen to be characteristic of the Ge

x

Sef^x system. 

(i) There is a large Stokes shift (-1 eV for О < x < 0.2 increasing to 
its maximum of 1.2 eV with GeSe2) throughout the glass forming composition 
range since the maxima of the PL band are situated close to the midgap energy 
E/ 2 . In fact the midgap to E*_ ratio is nearly constant being 1.00-1.08 in 
the composition range 0.O4 < x <0.40. Pure Se is somewhat out of this corre
lation. Its 1.14 might indicate the presence of impurities involved in the 
emission process. In calculating the aforementioned ratios E values at 
a - 10 were taken as E_. This Irradiation (with -10 »a penetration depth) 
turns out to be the most efficient in inducing PL independently of obvolus 
structural differences in the glasses of different compositions. We are 
inclined to think that both E__ and E_. are mainly associated with GeSe. ,, 

Op P L •" ч/л 
containing structural units. Our view is fostered by the fact that the v./v2 

ratio (see Table 1) increases roughly exponentially in a wide composition 
range just as 1 ^ does. The constancy of the E /в", ratio also means that B™_ 
follows the bandgap energy thereby the radiative centers are part of c-
and/or v-bands. 

(ii) The PL intensity is strongly dependent on x increasing by about 
four orders of magnitude between pure Se «uid GeSe 2 (Pig. 7). The composition 
dependence of PL intensity is especially strong in the composition range 
0.25 < x < 0.40, i.e. on both sides of the stoichiometric compound ideally 
composed of only GeSe4 tetrahedra. 
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(iii) Tb* composition dependence of the PL fatiguing tendency is the 
reverse of that for I p L (shown in Fl«. 7): there is so fatigue (at least at 
snail and moderate excitation light powers and exact stoichiometry) with 
GeSe,, but the fatiguing rate increases exponentially if either the Se or the 
Gc content gets higher than that corresponding to GeSe 2. 

Hollót et al. in an extensive experimental study of PL fatigue and 
photoinduced ESR centres (3*t introduced the concept of cross section for* 
these two processes: F and V%, respectively. The plots of F vs P-x and 
F s vs E x for different conpositions axe quite different unlike what night be 
expected if they were interconnected as in» for exanple. the Hott-Street 
model, where escaped electrons cause both the fatigue of PL and at the sane 
tine create the ESR active D° centres. These authors stowed also that PLB and 
the energy dependence of the fatigue of PL spectra are quite different: there 
is no naxlnun for the F spectra that in fact follows the profile of the ab
sorption spectra for each composition. The interrelation of a and F indicates 
that PL fatigue is associated wit' band-to-baad transition, although F in
creases less rapidly with energy tb~a a. On analysing f * F/e curves (Fig. •) they 
distinguished two kinds of conpositions: those with low Ge concentration 
x i 0.2a fatiguing strongly even under highly absorbed light, and the second 
group of conpositions on both side of GeSe2 (0.25 < x < 0.40) where fatiguing 
is less efficient. 

To make the picture on PL fatigue nore complete we should like to 
nention our observations of a reversible type of I_, decrease under 
continuous illumination: an exponential fatigue of PL taking place during 
20-50 s from the onset of excitation, that does not lead to a permanent 
decrease of the number of PL centres since the samples kept 1S-20 в in the 
dark regain their initial intensity. This type of fatigue was observed not 
only in glassy and amorphous but in crystalline GeSe- as well (39]. Both this 
type of PL fatigue and the reversible oscillation phenomena induced by cw 
laser irradiation (see e.g. (в]) reveal reversible relaxation processes 
taking place in a one second to a few tens of second time scale resulting in 
a nore or less complete restoration of the original structure of the sample. 

(iv) The half width, Д, of the PL spectra depends somewhat on the 
"perfectness" of the glass. In well relaxed samples д - 0.3 eV. Values up to 
Д • Ö.« tV have been observed on glasses belonging *-" this system (24). 
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(v) The PL intensity varies linearly with excitation light intensity 
over a wide intensity range obeying monomolecular kinetics; it is propor
tional also fco the density of luminescence centers (evidently Ge containing 
structural units) and to the radiative efficiency of such centres y_T (see 
eg.(5)). GeSe, has the highest quantiu efficiency: its y p b is estimated at 
0.5-1.0. 

The decay of luminesecence after pulsed excitation with a Kr ion laser 
[24] reveals at least two different (fast and slow) components. The high 
energy component is the faster decaying one. The decay kinetics depends on 
composition: alloys with x > 0.33 have distinctly different decay kinetics 
with a much faster initial stage than either Se rich or the stoichiometric 
GeSe, compound. The initial component of the PL decay for x > 0.33 composi
tions has a time constant of 25 ns followed by a slow component with a 
10-3O us time constant. The PL decay of g-GeSe. can be characterized by a 
400 ns time constant in the decay range up to 2 us, this being followed by a 
slow decay with 300 »в time constant. The abrupt change of the decay kinetics 
takes place between 2 and 5 us. 

Vassilyev et al. [38] found that the PL intensity decay curves for 
g-GeSe, excited by 5 цв pulses of an Hg lamp have different snape depending 
on temperature. The decay curves are composed of two parts: in the time 
interval 1 0 - 1 0 s the <urves can be approximated by 

I p L(t) ~ (v,t)~ m. (6) 

After that the decay is exponential the intensity varying as 

l p L(t) ~ exp(-v2t) (7) 

where v 2 • т~ , т the half-life of the luminescence centers. They also found 
that the higher energy components of the spectra decay more rapidly (see e.g. 
the variation of m and v, of Eg. (7) in Fig. 8). 

Kinetic studies of PL (and ESR as well) show that the behaviour of 
c-GeSe2 is distinctly different from g-GeSe- and for that matter from all the 
other glassy alloys of the Ge-Se system. Its PL decay is exponential from the 
start and its character doet not change with temperature. It is perhaps more 
important that all parts of the spectrum decay with identical rate, i.e. the 
half-life of radiative centres т is the same throughout the whole energy 
range covered by the PL spectrum. The deviant behaviour of crystalline GeSe, 
is hardly compatible with the predictions of the Street-Mott model in which 
all forme of the D centers are supposed as being of the same nature since PL 
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centers are unique bonding configurations common to both c- and g-modifica-
tions of the same compound; disorder is not a necessary condition for their 
formation. 

I of fully fatigued samples under both pulsed and continuous excita
tion decreases with increasing temperature. A low- and a high-temperature 
range can be identified connected with a rather wide transition range between 
-50-150 K. Activation energies deduced from the linear parts of I vs T~ 
curves have a large spread: on the high temperature side of the curves 
E = 0.165 eV [24] and 0.295 eV [39] were found. Crystalline GeSe 2 stands out 
again with its Б ~ 0.1 eV [39]. There are indications that in c-GeSe2 a 
freeze-out of some unidentified transition takes place at -50 K. 

5, PHOTOINDUCED PARAMAGNETIC CENTERS 

ESR measurements have furnished invaluable information concerning the PL 
process. The simplest use of this method is the counting of photoinduced 
spine. There are several orders of magnitude discrepancies between the mea
sured spin densities most probably due to differences in sample temperature, 
excitation energy and intensity. Bishop et al. [40] were the first to report 

17 -3 spin concentration values that never exceeded N » 10 cm at -10 K. The 
17 -3 maximum spin density observed by Street et al. [24] was 2*10 cm which, 

they noted, might be much less than the total density. Under light intensities 
typically used for exciting PL they anticipate spin densities of -7*10 cm . 
The highest N_ values for the Ge„Se1 system were consistently reported by 

2 0 - 3 the Paris group (set; e.g. [36]) often exceeding 10 cm , true, at rather -2 high, ~1 KW cm , excitation light power. 

The important conclusions that can be drawn from N measurements are 
that (i) There are preexisting, so called dark, ESR centers in all alloys 
belonging to the glass-forming range. N n ~ 10 cm for x < 0.25 (pure Se 
being off the line at N D ~ 3*10 J cm 3 ) . Between 0.25 < x < 0.43 N varies 
along a triangle whose maximum is situated at x « 0.33 with N_ - 1o' 7 cm" . 
The profile of the N n vs x curve resembles very much the E vs x curve; a 

о * op 
fact hardly understandable on allowing thermal generation of the centers 
only after the glass had been solidified. Taking due account of the differences 
in Ge-Se and Se-Se bonding energies one needs to observe the steeply rising 
Tg values peaking at x « 0.33 to account for the N Q maximum. On the other 
hand if dark centres were frozen in at corresponding T qe then the plateau 
at compositions 0.05 <x<0.25 is inexplicable. Attention ehould also be paid 
to the stiffness of the structure at around x * 0.33 which probably hinders 
structural relaxation of the kind 2D° - D + + D~. 



- 12 -

(ii) Photoinduced ESR measurements prove that spins can be created by 
light and that they reach a saturation concentration defined by the light 
power, temperature and composition. It has also been shown that subbandgap 
radiation can destroy these ESR centers and bleach the induced optical ab
sorption in the gap associated with these centers. 

(iii) The most important feature of ESR - borne out by the measurements 
of Hollot et al. - has been the observation that PL fatigue cross sections, 
F, and those for spin creation, F s > are not coupled in the way proposed by 
the MS model. They are independent separate processes showing, for example, 
distinct depndences on the excitation light energy, E x- Ug vs E x spectra 
follows the optical absorption spectra suggesting perhaps that the creation 
of free spins is associated with the joint density of states for the v- and 
c-bands [36]. The creation of spins is an intrinsic phenomenon induced by 
band-to-band transitions. It seems to be that under illumination the satura
tion density of spins, N s, at equal exposures decreases significantly with 
increasing Ge content. 

Semi-empirical values of F increase with E and at high excitation 
energies F values are roughly the same for all compositions: a feature that 
was not so for the corresponding F values. One can observe an increase of F 
with increasing x, whereas the opposite happens with N . 

6. MODELS AND THEIR LIMITATIONS 

The first model for glassy chalcogenides was proposed by Mjuller (see e.g. 
[15] and [23]). He suggested that electrical conduction in these materials 
was due to bond switching between, for instance, Se chains associated with 
the ionization of bonds and the diffusion like movement of charge carriers 
along the chains. His views - reformulated to present day usage - are 
astonishingly similar to the point defect models and can be looked upon as 
their precursor. They might well have made greater impact on later concepts 
had they not remained localized. 

Based originally on PL measurements the Mott, Davis, Street (MDS) model 
has now become nearly standard in Interpreting any phenomenon found in 
chalcogenides and tetrahedrally bonded amorphous semiconductors. Although the 
model is well known to anyone working in the field, a brief summary of its 
main points - as we see it - would seem appropriate here. 
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It is a point defect model where the charged D and D defects originate 
from dangling bonds D° since the reaction 2D° - D + + D~ is exothermic. These 
centres are formed in concentrations corresponding to the equilibrium at T . 
Thus PL centers are unique bonding configurations that are not strongly de
pendent on disorder; one would in fact expect very similar behaviour for the 
crystalline and glassy form of the same compound. D and D centres are 
localized in the gap close to the valence and conduction band edges, respec
tively forming the narrow (-0.1 eV) band tails at both band extremes. The 
absorption edge and the PL excitation spectra easily follow from this model 
since D + and D~ defects are thought to be involved in these transitions. The 
test of this model has been the explanation of the large Stokes shift ob
served in chalcogenides: it is connected with local atomic rearrangements 
taking place around the defect when its charge state is altered by any means. 
ESR centers, photoinduced midgap optical absorption and fatigue are connected 
with the creation of metastable D° in the reaction D + D - 2D so that the 
fatiguing of PL is due to the disappearance of charged defects. Tn view of 
their essentially thermal origin in as quenched samples D and D are present 
with comparable concentrations causing the Fermi energy to be pinned. The 
introduction of dopants or impurities is expected to alter the concentration 
of either D~ or D + so that by the law of mass action the number of centres of 
the same sign as the dopant or impurity posess would correspondingly be 
suppressed. 

Preserving the basic concept of the MOS model Kastner, Adler and 
Fritzsche (KAF) [43] and later Kästner and Hudgens [44] refined the MOS 
model. They pointed out that in glasses having a low average coordination 
number the Coulomb attraction between the oppositely charged centres will 
produce a significant concentration of associated pairs of charged centres, 
the so called Intimate valence alternation pairs (IVAPs). In ref. [44] they 
gave evidence that the PL centres in chalcogenide glasses are not charged -
in contrast to the proposal of the MDS model. They suggest that PL centres 
are the dipole centres (IVAPs) and that their concentration is independent 
of doping up to concentrations of dopants in the alloy range. All that 
implies that PL and optically induced ESR should be relatively unaffected by 
low concentrations of dopants in marked contradiciton with the prediction of 
the MDS model. Pfister and Taylor's studies [45] mostly confirmed the KAF 
model. The ESR active centres in this model are the metastable D° centres 
which can be annealed either thermally or by subbandgap illumination. 

Both the MDS and the KAF models have had an immensely positive effect 
on research devoted to amorphous semiconductors, scores of experimental data 
foster the important role of defects in these materials but observations not 
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explicable in the conceptual framework of the MDS ->odel have also accumu
lated, calling for modification or furtherrefinement of the original ideas. 
Let us present here a collection of observations quoted as inexplicable 
within the framework of the MDS model. 

1.) PL (and other properties) has been found relatively insensitive 
to doping or, to be more correct, its behaviour is unpredictable towards 
different dopants most of them showing no effect at all, though a few give 
rise to appreciable alterations. 

2.) There are considerable differences in the behaviour of, for 
example, crystalline and glassy GeSe, if the results of PL, ESR and PC mea
surements are compared, thereby underlying the role of long-range order 
neglected by both models. 

3.) Bishop et al. [46] observed that the below-gap peaks in the PLE 
spectra for deep PL bands in orpiment and realgar (minerals of As~S3) are 
associated with strong impurity absorption bands. They suggested that the 
below-gap tails in the PLE spectra of chalcogenide glasses and synthetic 
As-chalcogenide crystals have the same origin. PL bands might be associated 
with impurities rather than intrinsic defects or impurities might influence 
the properties of intrinsic defects. They suggest also that fatiguing of PL 
may be attributable to optically induced independent (i.e. not connected 
with preexisting radiative recombination centres) competing, non-radiative 
processes or centres. 

4.) Mollot et al. [36] conclusively showed that PL fatiguing and the 
photo-creation of free spins have different cross-sections with distinctly 
different dependences on the inducing light energy. 

5.) The PL fatigue is absent in both c- and g-GeSe, although their PL 
is the most intense in the Ge Se. system. Interpreting this with the MDS 
model it would mean that the concentrations of D + and D~ are also at maximum. 
At high defect concentrations one would expect high PL intensity and also a 
high proportion of escaping charge carriers giving rise to an increased [D°] 
and consequently to a strong fatigue. 

6.) ESR measurements reveal high concentrations of photoinduced para
magnetic centres exceeding the concentrations of pre-existing D + and C~ 
centres, i.e. the parent ions of D° in the MDS model. These excess paramag
netic centres are evidently created by the excitation light so that 
equilibria prevailing at T would lose their bearing on the processes: 
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N s (D°) would not be indicative of the extent of PL fatigue, for D° can be 
high in g-GeSo, at hardly appreciable fatigue rate. 

7.) In c-GeSe2 the Stokes shift is greater than in g-GeSe2. Supposing 
the same kind of defects i. both the crystalline and the glassy state, the 
relaxation of at least one of the defects D + and/or D~ after capturing the 
photoinduced oppositely charged carriers should be larger in the c-form of 
this compound in spite of its having the more rigid network which is thus 
less prone to structural relaxation. It is interesting to note here that in 

17 -3 view of the concentration of dark paramagnetic centres (NQ ~ 10 cm ) 
reported in [36] there is no formal need for a Stokes shift since free 
carriers in significant concentration could be created by ionizing part of 
the D° centres, which subsequently could radiatively recombine with the 
remaining D centres. 

8.) Three distinctly identifiable PL peaks on GeSe5 alloy composition 
have been observed [37] indicating more transitions between D° and the 
escaped carriers than allowed by the MDS model even if we permit the exis
tence of two D s originating from D and D . 

9.) PL in GeSe, usually anneals at ~300 К at much lower temperature 
than its T ~ 690 K. How do these centres disappear at activation energies 
much lower than the one corresponding to their freezing-in in the matrix? 

10.) Reversible effects proceeding on a 10-25 sec time scale, e.g. the 
fast fatigue observed at ~10 K, are hard to connect with variations in D 
since higher activation energy is associated with its disappearance. 

11.) The cross section for photoinduced absorption in the gap F is 
about three orders of magnitude greater than that for PL fatigue [33]. 
Moreover, there is no one-to-one correlaiton between the centres responsible 
for photoinduced absorption, PL, ESR and those controlling transport pro
cesses. 

12.) Activation energies connected with different processes involving 
the participation of D centres cover a very wide range suggesting that there 
must be centres or traps in significant concentrations beyond those considered 
so far by current models. For example, the activation energy for thermal 
release of the centres responsible for photoinduced absorption is -15 meV 
[33]; that for the thermal quenching of PL is ~100-300 meV; the activation 
energies for medium and high temperature electrical conductivity in c-GeSe2 

are 0.8 and 3.3 eV, respectively [9]. 
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These limitations have been tentatively connected with processes taking 
part in the matrix not fully accounted for by either of these models. The 
essence of improvements aiming chiefly at the explanation of fatigue has been 
the supposition of a transfer from an initially radiative to a metastable 
non-radiative state (see e.g. refs. [47,39]). 

A qualitatively new feature distinguishes the model without point 
defects proposed by Mollot et al. [36]. Allowing for the essentially two-
and three-dimensional character of the Se- and Ge-rich regions (soft and 
hard in their usage) they associate radiative transitions only with the 
latter (see the coordinate diagrams in Fig. 9). 

According to this model absorption of photons occurs at states due to 
distortions in the amorphous network which are localized at band edges. 
Electron-phonon coupling is acknowledged to be very strong in the Se-rich 
regions; it is somewhat weaker but still significant in the Ge-rich regions. 
When an exciton is created from a lone pair state in the soft region the 
strong electron-phonon coupling leads to a large distortion between the 
ground and excited state. Since r, the crossing point between these two 
states, lies below a, the excitation in the soft range gives rise either to 
non-radiative transition or to the creation of metastable trapped charge 
carriers. 

In the hard region where the electron-phonon coupling is weaker the 
configuration coordinate curves of the ground and excited states are relatively 
less displaced, therefore r is now energetically above the point a thereby 
making a Stokes-shifted radiative transition E. possible. If the exciton be-
comes ionized the carriers can separate and be self-trapped preferably in a 
soft region. This metastable e-h pairs does not give rise to luminescence. 
This process is responsible for fatigue, the composition dependence of which 
becomes easily understandable in view of the big differences in the trapping 
tendency of the soft and hard structures. In this model, especially in 
Ge-rich compositions, PL fatigue and the creation of ESR active centres are 
coupled and expected to behave similarly. However, as shown by the different 
behaviour of F and F g cross sections this is not the case. Difficulties are 
encountered if one tries to account for PL in c-GeSe, which does not have 
distortions in the lattice making it devoid of absorption centres. 

A hybrid model was proposed in order to eliminate these discrepancies: 
in such a model PL fatigue is associated with the photoinduced paramagnetic 
D centres and also with the escaped trapped carriers. The total concentra
tion of paramangetlc centres is the sum of D° created from pre-existing D 
and D~ point defects, and those originating from ionized excitons. 
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Let us see now whether the Onsager model would result In a coherent 
picture. The presence of ESR centres In the as prepared samples as well as 
annealing experiments [48] witness that thermal ionization of the lone-pair 
bonds occurs. During this process a lone-pair bond, v, on absorbing energy E. 
transforms to a weaker one-electron bond (h) while one electron of the pair 
goes to an excited state: 

Ei 
2v ̂ —- h + ve (8) 

This concentration n. (cm ) of defects created in that way is given by 
E i n ± = 2n v exp(- ̂ - ) (9) 

where n is the number of lone pairs in the non-bonding band. Substituting 
T = 695 К and E. = E = 2.2 eV, measured values for g-GeSe0, we get 9 1 5 _з i op 2 
n. ~ 10 cm Experimentally obtained concentration of dark ESR centres 

1 7 - 3 (ND ~ 10 cm ) indicate that these centres can be formed in processes 
needing lower E.. To get n. = N D one has to put E, = 1.6 eV into eq.(9). 
It is also reasonable to accept that beyond excitons created according to 
eq.(8) like-bonds (chiefly Se-Se bonds) are formed giving rise to distortions 
at the band edges where photons will be absorbed preferentially. 

The critical parameter in Onsager's theory is r , the distance where 2 c 

the Coulomb attraction e / e* exerted upon the electron is equal to the 
average thermal energy kT. Excited electrons thermalizing inside a sphere 
with radius t Q around the sibling hole would with great probability 
geminately recombine (first order kinetics), others will overcome the field 
of the parent ion, diffuse away and recombine on encountering holes (second 
order kinetics). The escape probability is simply exp(-r_/r ), r being the 
thermalization distance. The more perfect the structure the higher the 
mobility and the free-path of such a quasi-free electron. Of course, the 
probability of recapture by the parent ion also increases with the extent of 
ordering, thus the highest radiative recombination rate is expected in the 
stoichometric crystalline and glassy compounds; since the latter has a 
structure reminiscent of the layer-like crystalline structure. Low tempera
ture is very favourable to radiative recombinations since excitons would not 
get the additional energy needed for their disruption, on the other hand, the 
recapture free-path would not be shortened by vibrational disturbances. 

The near constancy of - E /E ., that is, the large Stokes shift 
throughout the whole glass-forming composition range, involves that roughly 
half of the excitation energy is released via non-radiative processes, to be 
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—8 completed within 10 sec, since decay kinetics measurements show only minor 
changes in Е Ш

Т after 10~ 8 sec. Self trapping, i.e. an energetically 
PL 

favourable reordering of the force-field around the charged particle, is a 
continuous process so that a corresponding variation in E and PA is 
expected. 

Fatigue is a replacement of radiative transitions by non-radiative 
ones. For non-geminately recombining pairs the probability of the latter 
increases, since during their random motion suitable structural distortions 
can remove their excess energy. Thus PL fatigue would increase with in
creasing softness of the network and also with E , leading to longer 
thermalization distances. Fatigue would be minimal for GeSe2 because of the 
high recapture probability, and very strong in the essentially two-dimen-
sionally constructed Se in which the flexibility of chains makes self-
trapping and non-radiative recombination very effective. 

A reflexion of the different behaviour of soft and hard regions could 
be the three peaks on the PL spectra of GeSe,- [37]. We tentatively associate 
the three PL bands with radiative transitions involving defect states con
nected to GeSe.., tetrahedra (E™ = 0.98 eV) and two different Se-Se point 
defects (E„f = 0.85 and Е%; - 0.77 eV? In visualizing the corresponding 

PL PL 
transitions in these Se rich compositions we rely on the composite elec
tronic density of states diagram for a-Se which has been published quite 
recently by Abkowitz and Enck [49] (Fig. 11). The two low energy bands can 
be ascribed to transitions between deep trapping states (possibly dangling 
bonds) and the donor and acceptor states situated at 0.25 and 0.33 eV from 
the mobility edges. The 0.98 eV peak is tentatively assigned to a transition 
between one of the deep trapping states and the band tail (presumably hole) 
states. 

It is of fundamental importance to realize that the amorphous structure 
is not a static organization of atoms: it will change with the acquisition 
and loss of energy. A glass of given composition can be characterized by the 
excess energy it contains above that of the crystalline counterpart or - if 
this cannot be obtained - above that for the ideally relaxed glassy struc
ture. By making measurements we can increase or decrease this excess energy 
content depending on the ratio of energy input and output rates. During 
optical (e.g. PL) measurements photons of different energy are continually 
impinging, that may alter the original structure by creating new defects 
(including C 3, c'y pairs) at one place and healing them at others. These 
photolnduced defects [33] appearing as photoinduced optical absorption in 
the gap can transform to ESR active centres and be determined. The reach 
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equilibirlvun saturation concentration at a given inducing light intensity 
testifying that excitation with band irradiation simultaneously creates and 
destroys defects thereby leading to a steady state. 

Using the preceding arguments it is most probable that the reversible 
changes such as, for example, the transmission oscillation under cw-laser 
irradiation [8] and the reversible fast fatigue [39] both occurring in a 
time sclae of a few second are associated with photoinduced partial ordering 
or reversible "quasicrystallization" studied in detail by Griffiths et al. 
[50]. They observed that at a certain photon flux range the out rigger rafts 
(see Fig. 4b) grow laterally at the cost of like Se-Se and Ge-Ge bonds which 
were broken by the absorbed photons. The preferential growth of quasicrys-
talline layers close to the illuminated surface is accompanied by the 
accumulation of considerable stress in the weakly affected deeper 
laying polymerized clusters. Switching off the illumination gives rise to 
strain memory-driven relaxation of the system toward the original structures. 
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Tab!» 1. Correlations In the <«*XS«1_X syst«* (О < x & О.33) 

Forsula Density Concentration of bonds (v.]-Kv2l 
„_-3 (sol ci-Д 100) 
9 С И [v I Gc-Se l*2J Se-Se 

• l^l+Uj] 

Se 
GeSe 
GeSe 
GeSe, 
GeSe5 

GeSe4 

GeSe^ 
GeSe, 

24 
1» 

0 4.27 
O.04 4.32 
O.05 4.32 
O.IO 4.34 
0.16 4.37 
0.20 4.37 
0.25 4.3S 
О.ЗЗ 4.2C 

O.S8 
1.09 
2.21 
3.74 
4.SO 
5.62 
7.39 

5.41 
4.83 
4.67 
3.87 
2.80 
2.25 
1.40 

5.41 
5.71 
5.76 
6.08 
6.54 
6.75 
7.02 
7.39 

2.0O 
2.08 
2.Ю 
2.20 
2.33 
2.40 
2.50 
2.66 

2.70 
2.75 
2.75 
2.77 
2.80 
2.81 
2.81 
2.78 

Table 2. Ratio of max , E", on the PLE spectrua to the optical gap, 
3 E , measured at a * to at different x values. (Data from refs. 

35, 36 and 32.) 

X *><*> X B"/E 
x' op 

0.00 0.965 0.20 0.960 
0.04 0.974 0.25 0.927 
0.05 0.961 0.30 0.976 
0.10 0.970 0.33 0.94? 
0.15 0.957 0.33* 0.963* 
0.16 0.900 0.40 0.855 

c-GeSe 
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FIGURE CAPTIONS 

Flg. 1 Variation of glass forming difficulty H o ! and density of 
glasses with composivlon. (Density data fron (9) and pOJ.) 

Fig. 2 Glass transition temperature, T . and microhardness, M, as a 
function of x in the G« XS* 1_ X systesi. (Data taken fron (10,11).) 

Fig. Э Entropy of activation for viscous flow, S , vs the mean coordi
nation number m in glasses of the Ge xS* 1 system. Shaded areas 
show ranges of S characteristic of different glassy structures 
as described in the text. (After [251. and [171.) 

Fig. 4 Structure of one ß-CeS*2 layer [28 J and that of the large 
cluster structural elements of glassy GeSe 2 (2?]. 

Fig. 5 Optical gap as a function of composition in Gs xSe. alloys, 
plotted by combining data taken from refs. 32, 12, 33. 

Fig. 8 Temperature dependence of a in a-GeSe2 film at *. « 6328 ft (341. 
Fig. 7 Composition dependence of luminescence intensity after fatiguing 

in Ge xSe 1_ x glasses. 
Fig. 8 (a) F/a vs E^-, (b) P«/ e vs Б curves for different compositions. 

F is the cross-section for the fatigue, a the absorption 
coefficient, F g the cross-section for the creation of a para
magnetic centre. (Replotted from ref. 38.) 

Fig. 9 Variation of m and v 2 values of Eqs.(8) and (7) with the PL 
energy for g-GeSe2 at 4.2 К (38l. 

Fig. 10 Configuration coordinate diagrams: (a) for a non-radiative soft 
region giving netastable paramagnetic centres via ionization 
(transition around s); (b) a hard region, which can give PL 
(transition E.) or a paramagnetic centre by ionization (tran
sition around s). (Taken from ref. 38.) 

Fig. 11 Composite electronic density of states diagram for a-Se [491. 



24 -

ш 

(л 
•ч 

<£.шэО) A1ISN3Q 



- 25 -

т я (с°> 5 
H (kgmnr2) 

10 

8 
7 
6 
5 

"Г—- 1 1 1 1 ! 

- / / ' -

-j i::::::ii 
- I . I . I 1 1 1 

Л .2 .3 A .5 x 

Fig. 2. 



- 26 -

X (atomic fraction Go) 

• 300 

о 
E 
•5 200 
и 

100 

0 .1 .2 
" 1 i 

-—¥"^~ - —— : ~~'" ~ ~ 

=====^====^=^=^ 

r i V ^ 
mmm<fm^y^L - * - | V — 

2.00 2.20 
m 

2.40 

Fig. 3. 



- 27 -



- 28 -

СЛЭЭ dV9 IVOIldO 



- 29 -

380 460 
TEMPERATURE (Ю 

Piq. 

> 
1-
0) _ 4 
z 10 ш h-
Z 
ш 
О 
Z io 3 

Ul 
О 
(0 
ш 
z 
s io 2 

_J 

ш 
> 
H 
< 
. J 

101 

0.1 0.2 0.3 0Л 0.5 
ATOMIC FRACTION GERMANIUM 

Fig. 7. 



- зо -

(Л 

00 

Öl 

* > 

X 
ш 

м 

о 



- 31 -

Fig. 9. 

<i «i (0) 
1 2 * 

Fig. 10. 



- 32 -

fig. 11. 



Kiadja a Központi Fizikai Kutató Intézet 
Felelős kiadót Kroó Norbert 
Szakmai lektori Hargitai Csaba 
Nyelvi lektort Harvey Shenker 
Példányszám 450 Törzsszám» 82-429 
Kéazült a KFKI sokszorosító üzemében 
FelelSs vezetőt Nagy Károly 
Budapest, 1982. augusztus hó 


