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20. Abstract

The optical properties of amorphous semiconductors are dominated by the
presence of a tail on the optical absorption which falls exponentially into
the spectral region which is normally transparent in crystalline solids. This
socalled Urbach edge is attributed to the presence of localized electronic
states near the band edges in the amorphous semiconductors. A portion of this
edge is shown at the high energy side of Fig. 1 where the conductivity (or the
product of the index of refraction n and the absorption coefficient a) is
plotted for a representative chalcogenide glass as a function of energy.1

Data are shown in Fig. 1 for energies up to the band edge. A more detailed,
although schematic, picture of the band edge region is shown2 in Fig. 2.

Above the Urbach edge (region B in Fig. 2) the absorption remains high
- (c > 104 cm-1) due to the presence of interband electronic transitions just
- as those which occur in crystalline solids. Absent, however, are the
- singularities which are the result of the band structure in crystalline

solids. Instead the amorphous semiconductors exhibit much smoother absorption
spectra in the interband region. A very important question, for which a
complete theoretical understanding remains elusive, is the position on the
absorption edge which indicates where the major contribution changes from
that due to localized to that due to extended electronic states.

Below the gap there exists an absorption "tail" (region C in Fig. 2)

4l which in some materials can be enhanced optically by excitation with light
of energy near the band gap. Several mechanisms have been identified as
contributing to a tail on the absorption below the band edge. The most
important contributions are probably due to specific defects such as dangling
bonds, to impurity species such as Fe2+ and to free carrier absorption in
the more highly conducting amorphous semiconductors. The below-gap absorption
in the more conducting glass shown in Fig. 1 is due to the last contribution.

In addition to changes in the below-gap absorption, light at energies
* near the band edge can sometimes alter other optical properties of amorphous

semiconductors. In particular the chalcogenide (group VI) glasses, but not
L the pnictide (group V) or tetrahedral (group IV) amorphous solids, exhibit a
*T shift of the optical absorption edge and the Urbach tail to lower energies

upon the application of light of energies near the band gap. This so-called
*o photodarkening process is reversible by annealing at tempertures below the

glass transition temperature. The effect has been studied in some detail but
is not yet well understood. In films of chalcogenide glasses which are made
under non-equilibrium conditions one can even alter the structure optically.
This process is irreversible and usually consists of a photo-induced polymer-
ization of molecules in the film.

In the chalcogenide and the pnictide amorphous semiconductors the
electronic states deep in the gap are attributed to specific defects at
which the lattice relaxation is strong enough in comparison to the coulomb
i ,teraction between two electrons to bind two electrons (or none) in the
ground state. These socalled "negative U" centers are thought to be the
only important states deep in the gap in the chalcogenide glasses. In the
tetrahedrally-bonded amorphous semiconductors these negative U state are
thought to be rather unimportant, and the dominant electronic state deep in
the gap is attributed to a silicon dangling bond (positive U). In the group
V (pnictide) amorphous solids the situation is in between those which exist
in the group IV (tetrahedral) and group VI (chalcogenide) systems. For
example, amorphous As and P exhibit evidence for the presence of both
negative and positve U states deep in the gap.
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P.C. Taylor 2

I. INTRODUCTION

The optical properties of amorphous semiconductors are dominated by the

presence of a tail on the optical absorption which falls exponentially into the

spectral region which is normally transparent in crystalline solids. This so-

called Urbach edge is attributed to the presence of localized electronic states

near the band edges in the amorphous semiconductors. A portion of this edge is

shown at the high energy side of Fig. 1 where the conductivity (or the product

of the index of refraction n and the absorption coefficient a) is plotted for a

representative chalcogenide glass as a function of energy. 1 Data are shown in

Fig. 1 for energies up to the band edge. A more detailed, although schematic,

picture of the band edge region is shown2 in Fig. 2.S

Above the Urbach edge (region B in Fig. 2) the absorption remains high

(i> 104 cm"1-) due to the presence of interband electronic transitions just as

those which occur in crystalline solids. Absent, however, are the singularities

- which are the result of the band structure in crystalline solids. Instead the

. amorphous semiconductors exhibit much smoother absorption spectra in the inter-

band region. A very important question, for which a complete theoretical

understanding remains elusive, is the position on the absorption edge which

indicates where the major contribution changes from that due to localized to

that due to extended electronic states.
S

Below the gap there exists an absorption "tail" (region C in Fig. 2) which

in some materials can be enhanced optically by excitation with light of energy

near the band gap. Several mechanisms have been identified as contributing to

a tail on the absorption below the band edge. The most important contributions

are probably due to specific defects such as dangling bonds, to impurity species

such as Fe2+ and to free carrier absorption in the more highly conducting

amorphous semiconductors. The below-gap absorption in the more conducting

" . .. ." "*-. , . •, . . .... . , , . . ,- , * -:, , - •
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glass shown in Fig. 1 is due to the last contribution.

In addition to changes in the below-gap absorption, light at energies near

the band edge can sometimes alter other optical properties of amorphous semi-

conductors. In particular the chalcogenide (group VI) glasses, but not the

pnictide (group V) or tetrahedral (group IV) amorphous solids, exhibit a shift

of the optical absorption edge and the Urbach tail to lower energies upon the

application of light of energies near the band gap. This so-called photo-

darkening process is reversible by annealing at tempertures below the glass

transition temperature. The effect has been studied in some detail but is not

yet well understood. In films of chalcogenide glasses which are made under

non-equilibrium conditions one can even alter the structure optically. This

process is irreversible and usually consists of a photo-induced polymerization

of molecules in the film.

In the chalcogenide and the pnictide amorphous semiconductors the electronic

states deep in the gap are attributed to specific defects at which the lattice

relaxation is strong enough in comparison to the coulomb interaction between

two electrons to bind two electrons (or none) in the ground state. These so-

called "negative U" centers are thought to be the only important states deep

in the gap in the chalcogenide glasses. In the tetrahedrally-bonded amorphous

semiconductors these negative U state are thought to be rather unimportant,

and the dominant electronic state deep in the gap is attributed to a silicon

dangling bond (positive U). In the group V (pnictide) amorphous solids the

situation is in between those which exist in the group IV (tetrahedral) and

group VI (chalcogenide) systems. For example, amorphous As and P exhibit

evidence for the presence of both negative and positve U states deep in the gap.

The models developed to describe localized electronic states in amorphous

semiconductors wi e iscussed in Section II. In Section III we discuss the
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,. nature of the optical band edge in amorphous semiconductors, and in Section IV

" the photo-induced shift of this edge in the group VI materials. Section V

presents the optical properties of amorphous semiconductors in the interband

region. The nature of the electronic states deep in the gap is discussed in

Section VI, and Free Carrier absorption is considered in Section VII. The last

section is a summary of the most important properties.

II. MODELS

Just as in crystalline semiconductors, there is in the amorphous semicon-

ductors evidence for the existence of specific defects and impurities which

generate localized electronic states within the band gap. Whether there exist

in addition states "intrinsic" to the amorphous state, which occur as a result

*of the disorder, remains a matter of some debate. Near the band edge the

. optical absorption is dominated by an exponential dependence of the absorption

coefficient a on the energy. Such a functional behaivor was first described

by Urbach2 in ionic solids. This exponential dependence is often attributed

to "strained bonds '4 or to induced ionization of excitons.
5 ,6

Above the band gap the absorption is similar to that which is observed in

crystalline solids but without the sharp features which are due to van Hove

singularities. Phenomenological descriptions of the absorption in this region

* exist,7 ,8,9 but there is no detailed microscopic picture. On the other hand,

* there is little reason to suspect that, apart from the singularities already

mentioned, thre are any major differences in the Interband region between the

absorption processes in crystalline and amophous semiconductors.

It was Anderson10 who first suggested that the electron-lattice relaxation

*: in amorphous semiconductors might be sufficient to overcome the coulomb inter-

* actions between two electrons and produce electronic states which are either

0
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doubly occupied or empty in the ground state. In the approach suggested by

Anderson one considers an essemble of localized states which are characterized

by the following tight-binding Hamiltonian:

H = Eini, + VijCtCj + Uinini+ + J Cixini

ij nI (1)

In Eq. (1) i and a are the site and spin Indices, respectively, and ni, = CtOCiG

is the number operator for electrons. The one electron energies, which are

assumed to vary from site to site in amorphous semiconductors, are Ei. The

parameters Vij and Ui are hopping integrals and the coulomb repulsion between

two electrons, respectively. The final term in Eq. (1) represents the electron-

lattice interaction in a form first suggested by Holstein.11 ,12 In this form
6

the energy is assumed to be a short range, linear function of the configuration

coordinates xi with proportionality constants CI .

The detailed solutions to Eq. (1) depend on the specific form one assumes

for the phonon Hamiltonian, but it can be shown 12 that under fairly general

conditions the highly localized states in the gap are either doubly occupied

or empty. For this case the two electron excitation spectrum has no gap with

states filled with two electrons up to EF above which the states are empty.

There is, of course, still a gap in the one electron spectrum which is what one

measures optically. Perhaps the most attractive feature of this model is that

although there are broad distributions in both individual site energies Ei and

*electron-lattice coupling Ci , there are no deep one-electron states and no

extensive one electron band tails.

For the chalcogenide glasses several specific defect models have been

proposed which are motivated by Anderson's original approach. The first such

defect model (MDS model) was proposed by Mott, Davis and Street.14,15 In this

model the prototype amorphous solid is glassy Se or S where only chalcogen atoms
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are present and each atom is bonded to two nearest neighbors via p-type wave

functions. The remaining p orbital on each atom is doubly occupied but non-

bonding. In this simple interpretation there is no s-p hybridization.

The defects in the MDS model are formed in pairs. If a bond is imagined

to break and both electrons are trapped by one of the two chalcogen atoms

which becomes negatively charged, then the remaining chalcogen is postulated to

form a distorted bond with another atom on a nearby chain by utilizing the two

electrons which were formerly non-bonding. This defect is postively charged

and involves a three-fold coordinated atom. The singly-coordianted, negatively-

charged defect is known as D- and the triply-coordinated, positively-charged

defect as D+.

In the MDS model the formation of a D+ , D- pair, which need not be spa-

tially close, from two S or Se dangling bonds (D0 ) is governed by a reaction

2D°  D+ + 0- (2)

which is exothermic because of the strong lattice distortions (negative U).

Kastner, Adler and Fritzsche 16 (KAF model) pointed out explicitly that the

coordination of the resulting negative and positive defects was one and three,

respectively, and these authors presented energetic arguments which suggested

, that the defects would require only a modest electron-lattice interaction

for stability. In the KAF approach D is called C1 3 and D+, C In order

to emphasize the coordination of the defect. These authors also clearly

distinguished between those D+ and D- defects which are separated and those

which occur in close pairs.

The defects D+, D- are diamagnetic in the ground state as the experimental

evidence suggests.17 ,18 Optical excitation with light near the band gap can

create a metastable D0 state by removal of an electron from a D- or by capture
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F

of an electron at a D+. This optically-induced paramagnetism is an important

feature of the model.

There are some significant difficulties with these simple defect models

for the chalcogenide glasses. The most important difficulty is the fact that

more detailed calculations for glassy Se suggest that the DO is the ground

state for the system (postive U).19

Although the MDS or KAF model is the most commonly accepted explanation

for the deep gap states in the ha eni asses, at least one alternative

approach has been suggested. Emin 20,21 has suggested that the polaronic term

in Eq. (1) dominates to such an extent that the observed optical properties

are explained essentially by polaronic effects. Emin assumes that the width

of the small polaron band is greatly increased in disordered solids over the

typical values observed in crystals. If the width is on the order of the band

gap,21 then the electron and hole polaron bands effectively pin the Fermi

energy near mid-gap as is experimentally observed.

In amorphous silicon (a-Si), hydrogenated amorphous silicon (a-Si:H) and

other tetrahedrally-bonded (Group IV or III-V) amorphous alloys, the deep-

gap states are thought to be paramagnetic in the ground state (a positive U

system).22,23 The most important deep-gap state is usually interpreted as a

dangling bond on a three-coordianted silicon atom. In the best samples of

a-Si:H the density of these states approaches - 1015 spins/cm 3.

These deep-gap states contribute to the absorption tail in region A of

Fig. 2. In region B, where the absorption depends exponentially on energy,

there is a parallel with the behavior first observed by Urbach 3 in ionic

crystals. In the ionic crystals the absorption is well represented by the

following relation:

I
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(w) exp[a(hw - 4wo)/kT] (3)

where a is a constant of order unity and wo is a constant which roughly

corresponds to the lowest excitonic frequency. Although the amorphous semi-

conductors in general do not follow the temperature dependence indicated in

Eq. 3, the exponential form of the edge is essentially universally observed.

The slope of the edge is shallower than in crystalline insulators.

There are several explanations of the Urbach edge in amorphous semicon-

ductors. Dow and Redfield 25 ,26 suggested that the exponential edge results

from electric-microfield-induced ionization of excitons. Abe and Toyozawa24

utilize Gaussian site disorder and "parabolic bands" to obtain an Urbach edge.

Somewhat similar explanations have been suggested by Street et al. 24 and by

Schweitzer and Scheffler25 who explain the exponential tail in terms of

"strained bonds." Finally, Cohen et al. 26 explain the Urbach tail in terms

of transitions between localized electronic states in one band tail and

extended states in the other band provided there is no strong anticorrelation

between the fluctuations of the valence and conduction band edges. At present

it is not entirely clear which of these approaches is the closest to being

correct.

In region A of Fig. 2 the absorption is such that the imaginary part of

the dielectric constant c' is proportional to (E - E )2 where E is the energyenrg

and Eg is a measure of the optical gap. This empirical fact was first pointed

out by Tauc et al. 27 who used a crystalline model with disorder to explain

the quadratic dependence. Other models have also reproduced this result.24 ,25
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III. THE NATURE OF THE BAND EDGE

Although the band edge is a reproducable, well-defined quantity in the

bulk amorphous semiconductors, it can be quite variable in thin film samples.

Examples of this variability in amorphous Ge and Si (a-Ge, a-Si) are shown in

Figs. 3 and 4, respectively.

As shown In Fig. 3, both the position and the shape of the absorption edge

are strong functions of the deposition and annealing conditions. 28-31 In some

unannealed evaporated films of a-Ge there is a low frequency tail on the

absorption which extends down to - 0.3 eV while films deposited under other

conditions exhibit much sharper edges32. Figure 3 presents a composite of

various films with different absorption edges. The band edge of crystalline

Ge (curve 7) is also shown for comparison. The results displayed In Fig. 3

represent films made under a variety of conditions for the substrate temperature

and the annealing procedure.

At first, results such as those of Fig 3 were interpreted as evidence

of tails of localized electronic states whose density was determined by some

disorder parameter which was highly dependent upon deposition conditions. In

fact, however, these tails In both a-Ge and a-Si are now know to be caused by

defects associated with dangling bonds which are predominantly located on the

internal surfaces of voids in the films. Strong signals (up to - 1020 spins

cm-3) are observed in these films,3 3 and these signals are ascribed to dangling

bonds. In addition, small angle x-ray scattering34 and electron diffraction35

experiments have detected the presence of voids with radii as large as - 30 A

in evaporated films of a-Ge and a-Si. The strengths of the ESR signals, the

densities of voids and the density deficiencies between the films and the

crystalline solids will scale with the strength of these optical absorption

tails. In many cases annealing reduces all of these effects.
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In a-Si typical results 35 are indicated in Fig. 4 for a series of films

prepared under systematically varied conditions. Here also the absorption edge

is observed to shift to increasingly higher energies with decreasing spin

density. An extrapolation to zero spin density35 yields the solid line of

Fig. 4.

It is apparent from Figs. 3 and 4 that it is difficult to separate those

properties of a-Si and a-Ge whi-h are a result of the disorder and those

extrinsic properties which arise from gross structural inhomogeneities such as

voids. Although the optical properties of a-Si:H are much more reproducible,

the same difficulty persists in this system.36 Figure 5 shows the absorption

edge in several well characterized films of hydrogenated amorphous silicon9

(a-Si:H). In the region where a is large (a > 103 cm-1) the data are taken

from transmission measurements through thin films. For small a (a < 102 cm 1 )

the data are from photoconductivity measurements which have been normalized to

the absorption data. The scatter in the absorption edge is very small in this

well-characterized system. The three regions shown schematically in Fig. 2

(and denoted as A, B and C) are apparent in Fig. 5.

The only significant variation from sample to sample in the a-Si:H films

shown in Fig. 5 occurs in the low energy tail region (region C). Although there

may be "intrinsic" processes which contribute to the absorption in this region,

most of the absorption commonly observed is probably due to impurity species.

A similar situation also holds in the chalcogenide glasses. Represertative low

energy absorption spectra are shown for three chalcogenide glasses 37 in Fig. 6.

Bulk chalcogenide glasses also exhibit highly reproducible optical absorption

edges which are relatively insensitive to preparation conditions and, under

equilibrium conditions, the only observable absorption within the gap (region

C) is ascribable to the presence of impurities.38 The spectra of Fig. 6 were
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conductivity between the d.c. and infrared frequencies (the factor a). In fact,

very little study has been devoted to possible free carrier absorption effects

in amorphous semiconductors.

VIII. SUMMARY

Specific defects and impurities play a role in determining the optical

properties of amorphous semiconductors just as they do in the crystalline case.

Both defects and impurities give rise to absorption processes below the energy

gap in many amorphous semiconductors. There are also features of the optical

properties which are intrinsic to the presence of disorder, such as the Urbach

tail to the absorption edge or the photodarkening of the absorption edge in

group VI amorphous semiconductors.

Interband optical absorption in the amorphous semiconductors is similar to

that which is observed in crystalline solids. Except for the absence of sharp

features due to van Hove singularities, and features due to the selection rules

such as indirect energy gaps, the spectra observed in the amorphous semicon-

ductors are very similar to those observed in crystalline counterparts.

Electron-lattice relaxation plays an important role in determining both

the defects and the intrinsic properties of the group VI amorphous semicon-

ductors. The most important specific defects are the singly-coordinated,

negatively-charged chalcogen (D-) and the triply-coordinated, positively-

charged chalcogen (D+ ) from which one can generate neutral dangling bonds

(D° ) via optical excitation at low temperature. In the group IV amorphous

semiconductors there always exist some dangling bonds in the ground state.

The absorption in amorphous semiconductors in the region of the optical

energy gap has three universal and distinct features. There is a region

(a > 103 cm 1) where the absorption appears to be proportional to E(E - Eg) 2

where Eg defines an energy gap. This region defines the onset of interband
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dependence 71 of the thermally activated optical absorption of Tl2SeAs2Te3

glass is shown for five different temperatures in Fig. 18. These data exhibit

relatively little frequency dependence; the conductivity or absorption coef-

ficient increases by about 10% as the frequency increases from 660 to 2000 cm"1 .

If it is assumed that the data are consistent with a simple Drude model for

thermally generated free carriers with T 4 1 (. < 1014 Hz), then for unity

effective mass the observed frequency independent free carrier conductivity

between 1000 and 2000 cm-I in Tl2SeAs2Te3 glass implies that the mobility is

of the order of 1 cm2/Vsec at these optical frequencies. Clearly the appli-

cability of the Drude model to this case is doubtful, but the exercise does

serve to illustrate the fact that the frequency independent thermally activated

absorption is consistent with very low mobility for these extended state

carriers in the amorphous semiconductor.

The absorption data of Edmond72 for liquid As2Se3 in the spectral range

3000-9000 cm"I are also plotted in Fig. 18 for several temperatures. The

optical conductivity or absorption of liquid As2Se3 in this spectral range is

thermally activated with an activation energy approximately equal to that for

the d.c. conductivity of this material (AE = 1.0 eV). Furthermore, at 4000 cm- 1

for the highest temperatures studied the magnitude of the optical conductivity

is approximately a - 20 times greater than the d.c. conductivity. Obviously,

the observability of optical free carrier effects is greatly enhanced in the

high conductivity, narrow gap glass. Thermally activated absorption can be

detected in As2Se3 only in the molten state, while in solid Tl2 SeAs2Te3 glass

the thermally activated absorption is clearly evident between room temperature

and Tg x 86*C.

There exists no detailed theoretical understanding of either the frequency

dependence of the free carrier absorption or the origin of the increase in the
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activated carriers exists.

The chalcogenide glass Tl2SeAs 2Te3 is one of the most highly conducting

(adc( 300 K) = 3 x 10- 3 1-1 cm- 1 ) bulk glass compositions known, and in this

glass possible free carrier optical effects have been observed71 as shown in

Fig. 17. The absorption for Tl2SeAs2Te3 glass throughout the region below the

band gap is essentially independent of frequency and strongly temperature

dependent for temperatures above room temperature. The data presented in

Fig. 17 demonstrate that at temperatures greater than 340K the absorption

coefficient in this glass at 10 micrometers wavelength is thermally activated

with a single well defined activation energy. Also shown in this figure is

the temperature dependence of the d.c. conductivity in the same temperature

range. There are three signficiant features of the data of Fig. 17: (1) the

thermal activation energies for the d.c. and optical conductivities are equal

within experimental error (AE = 0.35 eV); (2) the optical conductivity in the

660-2000 cm-1 range is a factor a - 8 larger than the d.c. conductivity;

(3) there is essentially no change in the slope of either the d.c. or optical

conductivity curves as the temperature passes through the softening point of

the glass (T E Tg).

The near equivalence of the thermal activation energies for the d.c.

and optical conductivities is strong evidence that the thermally activated

infrared absorption or conductivity mechanism involves thermally generated

carriers in extended band states. As such, this phenomenon constitutes the

nearest counterpart of a free carrier optical absorption yet observed in an

amorphous semiconductor. However, the extremely low carrier mobilities which

characterize amorphous semiconductors cause the frequency or wavelength

dependence of this "free" carrier absorption to differ drastically from the

classical plasma edge observed in crystalline semi,. iductors. The frequency



P.C. Taylor 21

VII. FREE CARRIER ABSORPTION

In chalcogenide glasses which are highly conducting (adc - 10-3 -I cm-1),

there exists an absorption process at energies below the band gap which is

attributable to free carriers.7 1 One chalcogenide glass which shows this effect

at 300K is Tl2SeAs2Te3 whose absorption spectrum is shown in Fig. 1.

The effect of free carriers on the optical properties of crystalline semi-

conductors at wavelengths longer than those corresponding to the intrinsic

absorption edge have been well characterized. Free carrier absorption observed

in the infrared and far infrared in semiconductors can be described by the

classical Drude treatment in terms of the carrier concentration, effective

mass, and mobility or electron relaxation time. The absorption takes the form

of a plasma absorption edge which increases with increasing wavelength as X2.

In contrast, free carrier effects in amorphous semiconductors have not been

thoroughly investigated and are not well characterized. One must keep in mind

the fact that the classical X2 plasma absorption edges are observed in crystal-

line semiconductors having electron mobilities in the range of 104-106 cm2 /Vsec

and carrier concentrations of the order of 1017_1018 cm-3 . The extremely low

carrier mobilities observed in amorphous semiconductors preclude the observation

of a well defined plasma edge in these materials. Futhermore, if the conductivity

is related to the absorption constant by n-(w) = 120 wa(w), where n is the

I- refractive index, a(w) the absorption coefficient and a(w) the conductivity in

9-1 cm-1, it can be seen that a conductivity of at least 10-1 a-1 cm-1 is

required to produce an absorption constant- 1 cm"1 . If we set 1 cm"1 as
I

the lower limit of observability for a free carrier absorption in amorphous

semiconductors, it can be seen that the observation of free carrier absorption

in amorphous semiconductors is possible only for a few highly conducting
c
compositions or at high temperatures where a high concentration of thermally

I
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been discussed by many authors. At short times (k 10-100 nsec) after pulsed

excitation some authors observe two PL peaks6 1 ,6 2 and others one.6 3 The time

evolution of the total PL intensity is spread out over many decades in a general

power law decay. In some cases64 three distinct time regimes are observed. For

example, in glassy As2 S3 these three regimes correspond to decays on the order

of 10-8, 10-6 and 10-4 sec. At short times it has also been observed6 5 that the

PL remains polarized parallel to the polarization of the exciting light. This

polarization "memory" can exist for times up to - 10-4 sec.

There have been many conflicting results and a myriad of nuances published

on the time resolved PL in the best studied chalcogenide glass, As2S3 . The time

decay suggests at least three distinct PL processes and the spectral dependence

at least two. There is no universally accepted interpretation of these processes,

and a coherent picture of all these effects does not yet exist.

Transient optical absorption processes have also been investiated in the

chalcogenide glasses. Experiments have been performed both on nanosecond66-68

and on picosecond69 ,70 time scales. Representative results67 on a manosecond

time scale for glassy As2Se 3 are shown in Fig. 16. Figure 16a shows the

spectral dependence of the transient optically-induced absorption at different

delay times after pulsed excitation. Figure 16b shows the temperature dependence

of this absorption at a fixed delay time.

The absorption decreases and shifts to higher energies as the delay time

increases (see Fig. 16a). At constant delay time, the absorption becomes less

and less energy dependent as the temperature decreases (see Fig. 16b). These
0

results have been interpreted66 in terms of the trapping and subsequent thermal

release of electrons and holes from localized electronic states in the band-tail

region (multiple trapping model).

- ------
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(D+ , D- and D°) of the chacogen defects discussed in Section II. In the small

polaron model21 these three experimental effects are attributed to electron-like

and hole-like small polarons which can be self-trapped at arbitrary distances

from one another.

In addition to the metastable ESR and optical absorption, excitation of the

chalcogenide and pnictide amorphous semiconductors with light of energy near the

band gap produces a metastable decrease in the PL efficiency with time.
56 ,57

This fatigued or diminished magnitude of the PL efficiency with time is shown

in Fig. 15 for glassy As2 Se3 at - 10K. The fatigued PL does not recover if the

excitation is interrupted for an arbitrary period of time, and upon resumption

of excitation the PL continues to decay in intensity. After fatiguing the

application of light below the gap restores the PL toward its original

efficiency.

The fatiguing and restoring processes for the PL parallel the growth and

decay processes, respectively, for the optically-induced ESR and absorption.

Both the rates and the temperature dependences are similar for all three

*effects. However, these parallels do not necessarily imply that all three

processes involve the same electronic states. In particular, there is good

evidence to suggest that the PL fatiguing process is distinct from the other

two effects.58 ,59 The most common interpretation58 ,59 is that the fatiguing

process is due to the optical creation of a competing non-radiative channel

and not directly to the defects discussed in Section II. It has also been

suggested that pervasive impurities, such as Fe or Cu, may contribute to the

PL fatigue. 59 ,60

Although all of the processes discussed above involve optically-induced

changes which are metastable, there are also optical effects which decay in

time. In the chalcogenide glasses transient photoluminescent processes have
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In the chalcogenide glasses the defect states are thought to be the

diamagnetic, negative U states such as D+ and D. It is only upon optical

excitation at low temperatures (< 200K) that some of these states can be con-

verted into metastable, deep-gap dangling bonds 18 (D°).

Under equilibrium conditions in the chalcogenide glasses the only ob-

servable absorption deep in the gap is that which we attributed to impurities

in Section III. However, under optical excitation at energies near the band

gap such as those which produce the optically-induced ESR,18 there is a

concomitant metastable increase in the absorption below the gap.
18 ,53 ,54

This absorption is shown for glassy As2S3 , glassy As2Se3 and amorphous As in

Fig. 14. The absorption has an onset at an energy which is approximately one

half of the energy gap and is relatively flat up to the band edge. Both the

otpically-induced absorption and the optically-induced ESR can be bleached by

light of energy below the band gap. One can also bleach the absorption and

ESR by thermal annealing at temperatures above - 200K. It takes very low light

intensities to observe these inducing and bleaching effects (_ 1 mW cm-2 ).

An analysis of the ESR spectra 18 shows that the metastable ESR states are

not due to impurities. To the extent that one may identify the metastable

absorption shown in Fig. 14 with the ESR, one may conclude that this absorption

also is not due to the presence of impurities. It must be mentioned, that this

conclusion, however plausible, is by no means incontrovertible.

Also shown in Fig. 14 are the rough energy ranges for the photolumi-

nescence (PL) spectra which are always observed in these three amorphous solids.

Irradiation of these solids with light near the band gap energies excites broad

PL bands centered roughly at energies which are one half of the band gap energies.

In the defect models (MDS and KAF and minor modifications thereof)14-16,
55

the ESR, absorption and PL processes are all attributed to various charge states

0,
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conserved, one can develop a general relation for the behavior of the dielectric

constant near the band edge. This relationship, which was originally suggested

by Tauc,2,2 7 s51 is of the form

w2c"( w)- (Mw-Eg )2 (4)

where " is the imaginary part of the dielectric constant (c - ' +t") and Eg

defines an energy gap. The optical matrix elements have been assumed to be

independent of energy in the development of Eq. (4). Although the assumptions

employed in deriving this equation are somewhat drastic, the predicted behavior

is found in many amorphous solids.

Cody et al. 52 have recently suggested that the constant momentum matrix

element assumed by Tauc should be replaced by a constant dipole matrix element.

With this assumption the analog of Eq. (4) becomes

"(w - (41w - E' )2 (5)

where Eg' defines an energy gap which is different from the gap defined in

Eq. (4). In many a-Si:H films Eq. (5) yields a better fit 5 2 to experimental

data than does Eq. (4) A representative fit is shown in Fig. 13 for an

accumulation of data from 30 different films of a-Si:H. The solid line in

Fig. 13 is a least squares fit to the data.

VI. ELECTRONIC STATES DEEP IN THE GAP

In the tetrahedrally coordinated amorphous semiconductors, such a-Si:H and

* related alloys, the primary state deep in the gap is thought to be a dangling

bond on the group IV atom. In the best material there can be as few as - 1015

of these paramagnetic states per cm3 .

0
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One can estimate7 the number of valence electrons which contributes to each

of the two peaks in the absorption spectra of Fig. 11 by applying a sum rule

to a Kramers-Kronig analysis of the reflectivity data. Such calculations yield

- 3 electrons for each of these two features. Photoemission studies indicate

that there is little s-p hybridization of the bonds in As2S3 and As2Se3. If

this conclusion is correct, then there are approximately 3 non-bonding and 2.5

bonding electrons per atom in these two solids. Using this kind of qualitative

reasoning, Drews et al. 7 attribute the two onsets of absorption near 2 and 8 eV

in Fig. 11 to thresholds for transitions which originate from non-bonding and

bonding valence band states, respectively. This qualitative description works

because of the molecular nature of these solids, and the similarities between

the crystalline and amorphous forms exist because the nearest neighbor bonding

is virtually the same in both forms.

These same qualitative considerations are also useful in understanding the

interband spectra of c' and c", the real and imaginary parts of the dielectric

constant, of a-Si:H as shown50 in Fig. 12. In addition to the two differences

mentioned above for the chalcogenide solids, the interband spectra for a-Si and

crystalline Si also differ because crystalline silicon is an indirect gap semi-

conductor. This fact means that the absorption rises faster in a-Si for the

region between 2 and 3 eV as shown in Fig. 12.

If one employs a sum rule to the silicon data of Fig. 12, then the data

up to about 4 eV account for only 1 electron per atom in both the crystalline

and amorphous phases. As in the case of the chalcogenides, the qualitative

similarties are the result of similar short-range (nearest neighbor) order in

the crystalline and amorphous forms.

To the extent that the electronic states in the amorphous solids can be

considered as crystalline electronic states where the wave vector k is no longer
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manifestation of increased excitonic binding energies. The defect models

ascribe photodarkening either to physically separated D+ and D- defects16 or to

close pairs of D+/D- defects. 15 ,48 Tunneling modes, where chalcogen atoms can

be optically excited from one metastable equilibrium position to another, have

also been invoked to explain the photodarkening effect. 49 At present the correct

explanation is elusive.

V. INTERBAND TRANSITIONS

The interband optical absorption of amorphous semiconductors is often

similar to that observed in corresponding crystalline materials. The main

differences between the crystalline and glassy spectra are the disappearance in

the amorphous spectra of structure related to singularities in the crystalline

densities of states and a general broadening of all features in the *...rphous

spectrum.

We illustrate these general trends with examples from three prototype

. amorphous semiconductors in Figs. 11 and 12. Figure 11 shows7 ,8 the absorption

* coefficient in the approximate range from 2 to 12 eV for glassy and crystalline

modifications of As2S3 and As2Se3. The spectra for the layered crystalline

solids are anisotropic and results are shown for the two principal lattice

directions in the layer.

*In both the crystals and the amorphous solids the interband absorption

exhibits two peaks near 6 and 10 eV. May other chalcogenide materials show

these same two features. The fact that these features are fairly universal in

* the crystalline and amorphous chalcogenides results from the molecular nature

of most of these solids and the relatively weak influence which the presence

of disorder has on the electronic densities of states.
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with 1.8 eV light. The solid triangles and circles in Figs. 9 and 10 were taken

on the same sample before and after photodarkening, respectively. There is thus

no dramatic change in the vibrational spectrum before and after photodarkening.

Measurements of 7 5As NQR under identical conditions also showed no changes.

Since the NQR parameters are extremely sensitive to small changes in local

bonding configurations,44 one may conclude that the photodarkening processes do

not involve major structural rearrangements.

In fast evaporated films of the chalcogenide glasses the application of

light near band-gap energies does produce gross structural changes which are

[* accompanied by a shift of the absorption edge to lower energies. These photo-

structural effects, which are both optically and thermally irreversible, should

* not be confused with the photodarkening processes just described. The photo-

S cstructural effects are usually a photo-induced polymerization of the metastable

films in which a more molecular structure is converted irreversibly into a

more stable polymeric form.4
2 ,43 ,47

This situation is illustrated for fast evaporated films (on 300K substrates)

of glassy As2Se3 in Fig. lOb. The open squares are absorption data taken at

300K on the film as grown. The solid hexagons are data taken after irradidtion

at 1.8 eV, and the dashed line represents the two-phonon spectrum in bulk,

0 glassy As2Se3 at 300K. It is clear from this figure that the vibrational

spectrum of the fast evaporated film approaches that of the bulk after optical

excitation with near band-gap light.

The photostructural changes in the chalcogenide amorphous films are fairly

well characterized and understood because they can be probed effectively by

infrared absorption, Raman scattering and magnetic resonance spectroscopies.

On the other hand, the more subtle photodarkening processes are much more

*difficult to interpret. In the Dow-Redfield approach the photodarkening is a
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by thermal cycling to temperatures near the glass transition temperature or by

optical excitation at energies below those of the band gap.
4 3

In glassy As2Se3 typical photodarkening effects are shown44 in Fig. 9. In

this figure the solid points represent data taken at 77K and the open points

data at 300K. The triangles describe the band edge in the Urbach tail region

-* (region B) for glassy As2Se3 before the application of band gap light of any

* . significant intensity. The circles indicate the shift of the band edge after

application of light at 1.8 eV (6764 A). It is apparent that the magnitude of

the photodarkening is much greater at 77K than at 300K where there is no

definitive shift of the edge for the exposure time depicted in Fig. 9. If the

sample irradiated at 77K is warmed to 300K and recooled to 77K then about half

of the photodarkening is annealed. Nearly all of the photodarkening can be

annealed near the glass transition temperature.

The photodarkening process also occurs in at least some oxide glasses.

The effect has been observed in glassy As203 where apparent shifts of the band

edge of several tenths of an eV are observed after irradiation with ultraviolet

light.45 The process does appear to require the presence of group VI elements

which possess non-bonding, or lone pair, p-electrons. For example, photo-

darkening does not occur 46 in amorphous As or in the tetrahedrally coordinated

amorphous solids. Neither the pnictide or tetrahedrally coordinated amorphous

.* solids possess lone-pair p electrons.

*. The photodarkening processes in bulk chalcogenide glasses do not involve

gross bonding changes. Measurements of infrared absorption and 75As nuclear

quadrupole resonance (NQR) in glassy As2Se3 suggest
44 that more subtle changes,

which primarily involve the non-bonding electrons, are responsible for the photo-

darkening. As shown at the top of Fig. 10, there is essentially no change in

the two-phonon infrared absorption spectrum at 77K before and after irradiation

* ' - - ~. .* •. - ,*- V
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such as Cu, AL )r Ag only slightly modify the concentration of the major Fe2 +

rC' species and have essentially no effect on the optical absorption. Specifically,

the addition of 600 ppm of Cu to the As2S3 glass which contains 120 ppm Fe has

no effect. However, Hilton, et al. 4 1 have demonstrated that a distillation

procedure that removes carbon from as-received selenium greatly reduces the

strength of the weak absorption tail in TI-1173 glass (Ge28Sb1 2Se60 ) relative

to that measured by Wood and Tauc 37 (see Fig. 8). The mechanism for the

* contribution of carbon to the absorption tail undoubtedly differs from that

of the Fe. Hilton et al. 41 also reported the presence of Fe in TI-1173 in

quantities of 1 ppm. This contaminant could conceivably be responsible

* for the weak absorption tail (Fig. 8) which remains after distillation of

the constituents. The difference between the optical absorption and laser

calorimetry measurements on TI-1173 in Fig. 8 probably represents the effects

of scattering by some inhomogeneities in the glass.

All of these measurements implicate impurities as the major source of

the weak absorption tails in the chalcogenide glasses. On the basis of the

*experimental evidence currently available it can be safely concluded that any

intrinsic contributions to the low energy tail occur at values of a below

I cm-1 . Comparisons with ESR measurements171 8 suggest that these levels

*correspond to less than 1016 intrinsic paramagnetic states per cm3 .

IV. PHOTODARKENING

As mentioned in Section I, all of the chalcogenide glasses exhibit a shift

of the optical absorption edge to lower energies upon excitation with light of

energy near the band gap.42 This process, which is called photodarkening, is

larger at lower temperatures and occurs faster with increasing intensity of the

inducing light. The photodarkening process can be at least partially annealed

--
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obtained by Wood and Tauc3 7 for As2S3 glass from Servo Corporation and for two

Se-Ge alloys from Texas Instruments. These glasses were representative of the

best commercially available grade of infrared transmitting, non-oxide glasses

when the measurements were performed.

Concurrent measurements of magnetic susceptibility,39 ,40 x, in glassy As2S3

and As2Se3 lead to the inescapable conclusion that the observed paramagnetism

is caused by paramagnetic impurities with spin S greater than 1/2. The most

important impurity is Fe . Studies of As2S3 and As2Se3 glasses intentionally

doped with Fe show 38 ,40 that the strength of the optical absorption in the

tail region C is directly proportional to the Fe content. In Fig. 7 the optical

absorption curves for three As2S3 glasses containing various amounts of Fe are

compared.38 The lowest curve represents nominally pure As2S3 glass while the

upper curves are for intentionally doped samples containing 26 and 120 ppm Fe

(by weight). The pure As2 S3 actually contains about 5 ppm Fe.
38  It is difficult

to obtain any chalcogenide glasses with Fe Impurities on levels less than a few

parts per million.

Low frequency (510 MHz) electron spin resonance (ESR) studies38 of these

Fe doped glasses have demonstrated that most of the Fe impurities are present

in the divalent Fe2+ state. The combination of these ESR studies with the

results of the absorption study clearly associates the low energy tail in the

band edge absorption spectrum with the presence of these Fe impurities. Tauc

et al.38 suggest a charge transfer transition originating on the Fe2+ ion

which yields an Fe3+ ion and an electron promoted to the conduction band. Such

transitions involving metallic impurity ions are the dominant source of mid-

gap electronic absorption in many oxide glasses.

It has also been found 38 that the magnetic susceptibility and absorption tail

are specifically functions of Fe content, and that additions of other impurities

S-

- - - - - -- S - AA~ .. a .~a... .o
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transitions. At lower values of the absorption is exponential in energy

(Urbach region). In this regime the absorption is often interpreted as being

due to transitions into localized band-tail states. At the lowest values of a

(a < 10 cm- 1) there is a tail on the absorption which extends well into the band

gap region. In many amorphous semiconductors this absorption tail is due to the

presence of inadvertent impurities (in chalcogenides and pnictides) or to the

presence of dangling bonds (in tetrahedrally coordinated amorphous semiconductors).

The application of light of energies near the band gap produces several

metastable changes in the optical properties of the chalcogenide glasses. One

such process, which is called photodarkening, is a shift of the absorption edge

to lower energies after the application of band-gap light. A second example

is the occurrence of an absorption below the gap which is metastable at low

temperatures and is essentially independent of energy from the mid-gap region

to the band edge. Various transient absorption changes also occur at temper-C
atures above - lOOK.

In highly conducting chalcogenide glasses there is evidence for free

carrier absorption below the band edge. This absorption depends exponentially

on the temperature (thermally activated) but is essentially independent of

the energy. The energy independence is interpreted as the result of the low

mobilities (< 1 cm2 V-1 sec "1) of charge carriers in the amorphous

semiconductors.
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FIGURE CAPTIONS

Fig. 1. Room temperature conductivity (or absorption coefficient times index

of refraction) of glassy Tl2Se.As2Te3 as a function of wavenumber on

a log-log scale. Circles designate experimental data. From 109 to

1011 Hz the data are from dielectric loss experiments. The data from

to 1014 Hz result from reflectivity and transmission measurements.

The dashed curve represents the contribution to the phonon absorption

spectrum which is thought to be due to the presence of anharmonic

tunneling modes at low energies. (After ref. 1).

Fig. 2. Schematic diagram of a typical absorption edge in an amorphous

semiconductor showing the onset of interband transitions (A), the

Urbach tail (B) and the residual below gap absorption (C) (after

ref. 2).

Fig. 3. Absorption coefficient of amorphous and crystalline Ge as a function

of energy from 0.3 to 1.4 eV. The substrate temperature for deposition

Ts is a parameter. (1) Sputtered film, Ts = 25
0C, (2) sputtered film,

Ts = 3500C, (3) sputtered film, Ts = 250C with annealing of 150% for

100 hours, (4) evaporated film, Ts = 25
0C, (5) evaporated film,

Ts = 25
0C with annealing at 3000C, (6) evaporated film Ts = 300

0C,

(7) crystalline Ge (after ref. 31).

Fig. 4. Absorption coefficient as a function of energy for three representative

films of amorphous Si with varying densities of unparied spins in the

gap Ns . The solid cruve is an extrapolated spectrum for Ns = 0 (after

ref. 36).
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Fig 5. Optical absorption coefficient determined by transmission (solid points)

and photoconductivity (open points) in a-Si:H films at 300K. (After

ref. 36).

Fig. 6. Optical absorption coefficient as a function of energy for three

semiconducting glasses at 300K (after ref. 37).

Fig. 7. Optical absorption coefficient as a function of energy for nominally

pure and Fe-doped As2Se 3 glass at 300K (after ref. 38).

Fig. 8. Optical absorption coefficient as a function of energy for Ge28Sb12Se60

glass (TI-1173) at 300K. (a) Relatively impure sample (Tauc et al.,

ref. 37; Fig. 6 of this chapter), (b) purified sample measured by

standard transmission techniques, and (c) purified sample measured

by calorimetric techniques (after ref. 41).

Fig. 9. The absorption coefficient of bulk glassy As2Se 3 as a function of

energy in the region of the electronic band edge. The open circles

refer to measurements at room temperature and the solid symbols to

measurements at 77K. Triangles represent as-recieved samples; circles

represent samples irradiated at 6764 A, solid squares represent samples

irradiated, warmed to 300K and cooled to 77K for measurement (after

ref. 44).

Fig. 10. The absorption of glassy As2Se3 as a function of wavenumber in the

two-phonon region. (a) Bulk As2Se3 (500 um thick) at 77K. Triangles

represent as-received samples and circles represent samples irradiated

at 6764 A, (b) thin film of As2Se3 (150 um thick) deposited on a 300K

substrate and measured at 300K. Squares represent as-recieved samples

and hexagons represent samples irradiated at 6764 A. The dashed line

represents the data of the bulk sample at 300K (after ref. 44).

I
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Fig. 11. Interband optical absorption coefficient for glassy (dashed lines)

and crystalline (solid lines) As2 Se3 and As2 S3 at 300K. (After ref.

8).

Fig. 12. The real an imaginary parts of the dielectric constant (C and 2

respectively) for crystalline and amorphous silicon. The amorphous

silicon samples were made by low pressure CVD at a substrate

temeprature of 625*C. (After ref. 50).

Fig. 13. The imaginary part of the dielectric constant c2 plotted as 21/2 asI22
a function of energy in films of a-Si:H. The solid line is a least

squares fit to the data between 1.65 and 3.00 eV. (After ref. 52).

Fig. 14. Optically induced absorption spectra for glassy As2Se3, As2S3 and

amorphous As at - 6K. The approximate ranges for the PL bands are

also indicated. (After ref. 18).

Fig. 15. Time decay of total photoluminescence intensity in glassy As2Se3 at

- 10K. The intensity of the exciting light is a factor of two greater

for curve (a) than for curve (b) (after ref. 56).

Fig. 16. Photo-induced absorption below the band gap in glassy As2Se3 (a) at

- 300K for several delay times after pulsed excitation for - 10 nsec.

The spectra at 10-4 , 10-3 and 10-2 sec have been normalized by factors

of 1.6, 2.7 and 9.3, respectively. The maximum absorption at 10-5

sec is - 1 cm-1 . (b) photo-induced absorption at a fixed delay time

(10-3 sec) for various temperatures (after ref. 67).

Fig. 17. The conductivity at d.c. and optical (infrared) frequencies as a

function of reciprocal temperature in glassy and liquid Tl2SeAs2Te3.

The open triangles, circles, crosses, and diamonds represent data

taken at 2,000, 1,000, 666 and 200-300 cm"1, respectively. The
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solid triangles represent d.c. measurements. The glass transition

temperature Tg is 80*C for this material. The slope of the two

solid lines corresponds to an activation energy AE = 0.35 eV.

Sample thickness varied from 25 to 860 um (after ref. 71).

Fig. 18. Frequency dependence of the thermally activated conductivity in

glassy Tl2SeAs2Te3 and in glassy and liquid As2Se3 (after ref. 71).
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