24. Amorphous Semiconductors: Structure, Optical,
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This chapter is devoted to a survey of the structural,
optical and electrical properties of amorphous
semiconductors on the basis of their fundamen-
tal understanding. These properties are important
for various types of applications using amorphous
semiconductors.

First, we review general aspects of the
electronic states and defects in amorphous semi-
conductors, i. e., a-Si:H and related materials, and
chalcogenide glasses, and their structural, optical
and electrical properties.

Further, we survey the two types of phenomena
associated with amorphous structure, i. e., light-
induced phenomena, and quantum phenomena
associated with nanosized amorphous structure.
The former are important from the viewpoint of
amorphous-silicon solar cells. The latter phe-
nomena promise novel applications of amorphous
semiconductors from the viewpoint of nanotech-
nology.

Amorphous semiconductors are promising electronic
materials for a wide range of applications such as solar
cells, thin-film transistors, light sensors, optical mem-
ory devices, vidicons, electrophotographic applications,
x-ray image sensors, europium-doped optical-fibre am-
plifications etc., particularly, hydrogenated amorphous
silicon (a-Si:H) for solar cells, thin-film transistors, x-
ray image sensors, and chalcogenide glasses for optical
memory devices including digital video/versatile disk
(DVD). In this chapter, we emphasize the basic con-
cepts and general aspects of the electronic properties
of amorphous semiconductors such as their electri-
cal and optical properties as well as their structural

24.1 Electronic States

Long-range disorder in amorphous network breaks
down the periodic arrangement of constituent atoms, as
shown in Fig. 24.1. In the figure, the structures of amor-
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properties [24.1-3]. Furthermore, some basic and im-
portant results of these properties are described to
understand these applications and to consider their fur-
ther development. Light-induced phenomena in amor-
phous semiconductors, which have been considered to
be associated with amorphous structure, are also de-
scribed.

Nanosized amorphous structures exhibit quan-
tum effects associated with two-dimensional (quan-
tum well), one-dimensional (quantum wire) and zero-
dimensional (quantum dot) structures, so they have re-
ceived significant attention on both the fundamental and
application sides. These topics are briefly described.

phous and crystalline silicon are shown. The periodic
arrangement of atoms makes it easy to treat the elec-
tronic states mathematically, i.e., the so-called Bloch
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Fig. 24.1a,b Structural models of (a) amorphous silicon
and (b) crystalline silicon

Anti-bonding state

T

Bonding state

= m:ﬂ:@ s

Bonding

Anti-bonding state orbital

p " Non-bonding state
4 o L)
EE— ™ —

-

Bonding state Non-bonding

orbital

Fig. 24.2a,b Schematic diagram of the energy levels of
atomic orbitals, hybridized orbitals and bands for (a) tetra-
hedrally bonded semiconductors, e.g., a-Si and for (b) se-
lenium

theory can be applied to crystalline solids. On the other
hand, it becomes difficult to treat the electronic states
in amorphous solids mathematically. However, elec-
tronic states in amorphous semiconductors are simply
described in terms of tight-binding approximations and
Hartree—Fock calculations. Using these approaches,
spatial fluctuations of bond length, bond angle and di-
hedral angle lead to broadening of the edges of the
conduction and valence bands, constructing the band
tail. This is due to spatial fluctuations of bond energy
between constituent atoms in tetrahedrally coordinated
semiconductors such as Si and Ge, in which the bond-
ing state and the antibonding state constitute the valence
band and the conduction band, respectively, as shown
in Fig. 24.2a. In chalcogenide glasses, the conduction
band arises from the antibonding state, while the va-
lence band arises from the nonbonding state, as shown
in Fig. 24.2b. The broadening of those bonds also
occurs as a result of potential fluctuations associated
with the amorphous network of constituent atoms. The
static charge fluctuation associated with bond-length
and bond-angle variations in the amorphous network
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Fig. 24.3 Schematic diagram of the density of states of the
conduction band (delocalized states) and the valence band
(delocalized states) shown by the brown-colored. The mo-
bility edge and mobility gap are shown

Fig. 24.4 Schematic illustration of a dangling bond in
tetrahedrally bonded amorphous semiconductors

has been discussed theoretically [24.4] and experimen-
tally [24.5, 6] in amorphous silicon.

In the band tails, the electronic states have a local-
ized character and their nature changes from localized
to delocalized at a critical boundary called the mobil-
ity edge, as shown in Fig. 24.3. The energy separation
between the two mobility edges of the conduction and
valence bands is called the mobility gap. The nature of
the conduction and valence bands has been elucidated
by means of photoemission spectroscopy [24.7]. The
structure of actual samples of amorphous semiconduc-
tors deviates from the ideal random network, namely,
coordination of constituent atoms deviates from the nor-
mal coordination following the 8 — N rule [24.1], where
N designates the number of valence electrons. For in-
stance, the normal coordinations of Si and Se are four
and two, respectively. However, in actual samples Si
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Fig. 24.5 Schematic illustration of two selenium chains
with positively charged threefold-coordinated selenium
and negatively charged onefold-coordinated selenium

atoms with a threefold coordination are present in a-Si
(Fig. 24.4), and Se atoms with onefold and threefold
coordinations are present in a-Se (Fig. 24.5). These
atoms are generally called structural defects (gap states)
whose electronic energy levels are located within the
band-gap region. In the case of chalcogenide glasses,
onefold- and threefold-coordinated Se atoms are called
valence-alternation pairs (VAP) [24.8]. The detailed
properties of structural defects have been elucidated by
means of optical spectroscopies such as photoinduced
absorption (PA), photothermal deflection spectroscopy
(PDS) and the constant-photocurrent method (CPM),
capacitance measurements such as deep-level transient
spectroscopy (DLTS) and isothermal capacitance tran-
sient spectroscopy (ICTS), and resonance methods such
as electron spin resonance (ESR) and electron—nuclear
double resonance (ENDOR) [24.2].

In the following, we take a-Si:H as an example and
describe the nature of its electronic states. Figure 24.6
shows a schematic diagram of the electronic states in-
volved in the band-gap region of a-Si:H proposed by the
authors’ group [24.9]. The tails of the conduction and
valence bands are expressed by an exponential function
with widths of 25 meV [24.10] and 48—51 meV [24.11-
13], respectively.

N(E) Conduction band (CB)
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Fig. 24.6 Schematic diagram of the tail and gap states and the re-
combination processes in a-Si:H. R and NR designate radiative and
nonradiative recombination, respectively. A diagram of the density
of states spectrum is illustrated on the left-hand side. For the defi-
nition of other symbols, see the text. (After [24.9])

In this figure, the processes of radiative recombina-
tion and nonradiative recombination are shown, along
with the energy levels of the gap states involved in
the recombination processes. The radiative recombi-
nation occurs between tail electrons and tail holes at
higher temperatures and between tail electrons and self-
trapped holes (A centres) at lower temperatures, partic-
ularly below 60 K. Such recombinations contribute to
the principal luminescenceband peaked at 1.3—1.4¢eV.
These have been elucidated by optically detected mag-
netic resonance (ODMR) measurements [24.14-16],
and are briefly mentioned in Sect. 24.3. The radiative
recombination center participating in the low-energy
luminescence (defect luminescence) may be attributed
to distant T;‘ —N;  pair defects [24.17,18], in which
T;' and N; are the positively charged threefold-
coordinated silicon center and the negatively charged
twofold-coordinated nitrogen center, respectively. The
N5 centers are created from contaminating nitrogen
atoms introduced during sample preparation. On the
other hand, close T;‘ —N;  pair defects act as nonra-
diative recombination centers. A typical nonradiative
recombination center in a-Si:H is the neutral silicon
dangling bond, i.e., Tg. The details of the recombina-
tion processes in a-Si:H are described in Sect. 24.3.
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24.2 Structural Properties

24.2.1 General Aspects

The structural properties of amorphous semiconductors
have been investigated by means of x-ray, electron and
neutron diffraction, transmission electron microscope
(TEM) and scanning electron microscope (SEM), ex-
tended x-ray absorption fine structure (EXAFS), small-
angle x-ray scattering (SAXS), Raman scattering, in-
frared absorption (IR) and nuclear magnetic resonance
(NMR). The absence of long-range order in amorphous
semiconductors is manifested in diffraction techniques,
e.g., electron diffraction for a-Si results in a halo pat-
tern as shown in Fig. 24.7a, while Laue spots are seen
for c-Si, as shown in Fig. 24.7b. The medium-range or-
der of 0.5—50nm has been discussed based on SAXS
measurements.

24.2.2 a-Si:H and Related Materials

The radial distribution function (RDF) in a-Si
has been obtained from an analysis of curves of
scattered electron intensity versus scattering angle
from electron diffraction measurements, as shown in
Fig. 24.8 [24.19]. From a comparison of RDF curves
of a-Si and c-Si, it was concluded that the first peak of
a-Si coincides with that of c-Si, the second peak of a-Si
is broadened compared to that of c-Si, the third peak of
c-Si almost disappears and a small peak appears, shifted
from the third peak of c-Si, as shown in Fig. 24.8. These
results indicate that the bond length of a-Si is elon-
gated by 1% over that of c-Si (= 2.35A), and that the
bond angle is tetrahedral (= 109.47°) with a variation
of 10% from that of c-Si. Using the neutron diffraction
technique, the RDF was also deduced from the mea-
sured structure factor, S(Q), as a function of Q (the
momentum transfer) in a-Si [24.20]. The RDF curve of
a-Si exhibiting these features was well simulated by the
continuous random network model [24.21]. Since then,
computer-generated models have been constructed (see,

Fig. 24.7a,b Electron diffraction patterns. (a) amorphous
silicon, (b) crystalline silicon

e.g., Kugler etal. [24.20]), using the Monte Carlo
(MC) method [24.22], the molecular dynamics (MD)
method [24.23] and the reverse MC method [24.24,
25]. Here, the reverse MC method, i.e., a MC simu-
lation repeatedly carried out to reach consistency with
the measured RDF curve and curve of structure fac-
tor S(Q) versus Q from the neutron diffraction data, is
briefly mentioned. First we start with an initial set of
Cartesian coordinates (particle configuration) and cal-
culate its RDF and S(Q). Comparing the calculated
RDF and S(Q) with the measured ones, the new par-
ticle configuration is generated by random motion of
a particle, being consistent with the constraint, e.g., the
coordination number. From the reverse MC simulation,
the bond-angle distribution is derived, i.e., it shows
a peak at the tetrahedral angle, 109.5° and small peaks
at =~ 60° and ~ 90° [24.26].

In a-Si:H, knowledge of the hydrogen configura-
tion is important to understand its electronic properties.
This is obtained by NMR [24.27,28] and IR mea-
surements [24.29]. The bonding modes of Si and H
atoms are Si—H, Si—H,, (Si—H;),, and Si—Hj3 bonds.
The concentrations of these hydrogen configurations
depend on the preparation conditions, particularly on
the substrate temperature, i.e., the deposition temper-
ature. a-Si:H films prepared at 250 °C mostly contain
Si—H bonds in incorporated hydrogen (hydrogen con-
tent of &~ 10at.%), while those prepared at lower tem-
peratures such as room temperature contain all these
bonds in incorporated hydrogen (hydrogen content of
~ 30at.%). The hydrogen configuration has also been
investigated by neutron scattering measurements us-
ing the isotope-substitution method [24.30, 31]. Partial
pair-correlation functions of Si—Si, Si—H and H—H are
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Fig. 24.8 Radial distribution function of amorphous
(evaporated) and crystalline silicon obtained from electron
diffraction patterns. (After [24.19])
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Fig. 24.9a,b Schematic illustration of (a) summit-sharing
structure and (b) edge-sharing structure. (After [24.33])

obtained from those measurements. The Si—H bond
length is 1.48 A.

Raman scattering measurements provide useful in-
formation about microcrystallinity, i.e., the volume
fraction of the amorphous phase in microcrystalline sili-
con [24.32]. The Raman shift associated with transverse
optical (TO) phonons is observed at 520 cm ™! for c-Si,
while it is observed at 480 cm ™! for a-Si.

24.2.3 Chalcogenide Glasses

The chalcogenide glasses are composed of chalco-
genide atoms and other constituent atoms such as As,
Ge etc. Their crystalline counterpart has a structure con-
sisting of threefold-coordinated As atoms and twofold-
coordinated chalcogens, i.e., c-Se and c-As,S3 exhibit
a chain structure and a layered structure, respectively.
The structure of the chalcogenide glasses is fundamen-
tally built from these constituent atoms, keeping their
coordination in the crystalline counterpart. However,
actual glasses contain wrong bonds, i.e., homopolar
bonds such as Se—Se, As—As, Ge—Ge etc. In the fol-
lowing, we take two examples of chalcogenide glasses,
As, X3 (X =S, Se) and GeX, (X =S, Se):

24.3 Optical Properties
24.3.1 General Aspects

Optical absorption and luminescence occur by transi-
tion of electrons and holes between electronic states
such as conduction and valence bands, tail states, and
gap states. In some cases, electron—phonon coupling

Fig. 24.10 Structural model of germanium disulfide. (Af-
ter [24.33])

® AsyX3 (X =S, Se): This type of glass, e.g., As,S3, is
mainly composed of AsS3 pyramid units, i. e., a ran-
dom network of these units sharing the twofold-
coordinated S site [24.34]. There is no correlation
between As atoms, but interlayer correlation seems
to hold even for the amorphous structure.

® GeX, (X =S, Se): Silica glass (Si0;) is a well-
known material, which is mainly composed of SiO4
tetrahedron units sharing the twofold-coordinated O
site (the summit-sharing structure. See Fig. 24.9a).
On the other hand, SiS, and GeSe, glasses have
a different structure from SiO, glass: the tetrahe-
dron units are connected through two X sites (the
edge-sharing structure) along with one X site (the
summit-sharing structure. See Fig. 24.9b). For ex-
ample, in GeSe,, the edge-sharing structure occurs
at a level of more than 30% and the summit-sharing
structure with less than 70%. Actually, wrong bonds
(homopolar bonds) Ge—Ge, Se—Se exist in GeSe,
glass. A structural model of GeS, [24.33] is shown
in Fig. 24.10.

is strong and, as a result, self-trapping occurs. Exciton
formation has also been suggested in some amorphous
semiconductors.

The absorption of photons due to interband tran-
sition, which occurs in crystalline semiconductors, is
also observed in amorphous semiconductors. However,
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the absorption edge is not clear since interband absorp-
tion near the band gap is difficult to distinguish from
tail absorption in the absorption spectra. Figure 24.11
schematically illustrates typical absorption spectra of
amorphous semiconductors. The absorption coefficient,
o, due to interband transition near the band gap is
known to be well described by the following equa-
tion [24.35]

ahw = B(hw — E,)*, (24.1)
where A and E, denote the photon energy and optical
gap, respectively. In most amorphous semiconductors,
the optical gap E, is determined by a plot of (afhw)!/?
versus Aw, which is known as Tauc’s plot. The photon
energy at which the absorption coefficient is 10*cm™!,
Eos, is also used for the band gap in a-Si:H. The ab-
sorption coefficient at the photon energy just below the
optical gap (tail absorption) depends exponentially on
the photon energy, E = Aw, as expressed by

a(E) ocexp (EE) ,
U

where Ey is called the Urbach energy and also the
Urbach tail width. In addition, optical absorption by de-
fects appears at energies lower than the optical gap.

Photoluminescence (PL) occurs as a result of the
transition of electrons and holes from excited states to
the ground state. After interband excitation, electrons
relax to the bottom of the conduction band by emitting
phonons much more quickly than the radiative transi-
tion. Similarly, the holes also relax to the top of the
valence band. In the case of crystalline semiconduc-
tors without defects or impurities, there is no localized
state in the band gap and PL occurs by transition be-
tween the bottom of the conduction band and the top
of the valence band. In this case the k-selection rule,
kphoton = ki — k¢, must be satisfied, where kphoton, ki and
k¢ denote the wavenumbers of photons, and electrons in
the initial and final states, respectively. Since kpnoton 1S
much smaller than k; and k¢, we can rewrite the selection
rule as k; = k¢. Semiconductors satisfying this condi-
tion are called direct-gap semiconductors. Crystalline
silicon is one semiconductor in which the direct transi-
tion is not allowed by the k-selection rule (indirect-gap
semiconductors), but the transition is allowed by ei-
ther absorption of phonons or their emission. On the
other hand, strong PL is observed in a-Si:H. In amor-
phous semiconductors, the k-selection rule is relaxed
and, furthermore, the electrons and holes relax to lo-
calized states in the gap before radiative recombina-
tion. Thus, PL occurs by transitions between localized
states.

(24.2)

a)
a
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Eg E
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Fig. 24.11a=c Schematic illustration of the absorption
spectra of amorphous semiconductors. (a) The absorption
coefficient o plotted as a function of photon energy E.
(b) (xE)'/? versus E (Tauc’s plot). (c) loga versus E. Eg
is the optical gap determined from (b)

The lifetime measurement is important for the iden-
tification of the origin of the PL since the PL spectra in
most amorphous semiconductors are featureless and do
not provide much information. The probability of radia-
tive transition between localized electrons and holes de-
pends exponentially on their separation, R. The lifetime
is estimated by 7 = 79 exp(2R/Ry) where Ry denotes
the radius of the most extended wavefunction [24.36].
When the Coulomb interaction is strong enough, exci-
tons are formed. Exciton formation is also suggested in
some amorphous semiconductors. The total spin of ex-
citons S is either 0 or 1. Singlet excitons of S = 0 have
a lifetime in the nanosecond region, while triplet exci-
tons with § = 1 have a lifetime much longer than that
of singlet excitons, e.g., T = 1 ms, since the transition
is forbidden by the spin selection rule.

PL measurements combined with magnetic reso-
nance are a powerful means to study recombination
processes [24.14, 15]. This is called optically detected
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24.3 Optical Properties

Table 24.1 Optical gap of a-Si:H prepared at various depo-
sition temperatures

Ts [H] E, References

(o) (at.%) (eV)

300 7 1.70 [24.37,38]

200 18 1.75 [24.37,38]

120 28 1.9 [24.37,38]
75 33 2.0 [24.38,39]

Ts: Deposition temperature, [H]: Hydrogen content

magnetic resonance (ODMR) measurements. PL from
triplet excitons has been suggested from ODMR mea-
surements, as described in Sects. 24.3.2 and 24.3.3.

The photoconductivity measurements provide us
with useful information about the processes of car-
rier transport and recombination. Their results on a-
Si:H and chalcogenide glasses are briefly reviewed in
Sects. 24.3.2 and 24.3.3, respectively.

24.3.2 a-Si:H and Related Materials

The band gap of a-Si:H determined from Tauc’s plot
is 1.7—1.9 eV, depending on the preparation condition,
particularly the deposition temperature T, i. e., hydro-
gen content [H] [24.37-40] as shown in Table 24.1. The
absorption coefficient of visible light for a-Si:H is of the
order 10°—10° cm™!, which is large compared to that of
crystalline silicon. A thickness of 1 um is enough to ab-
sorb visible light. Thus a-Si:H is suitable for application
to solar cells especially when a thin film is desired.

The optical gap E, and the Urbach tail width
Ey of a-Si:H, a-Ge:H and Si-based alloys are shown
in Table 24.2. Some a-Si:H-based alloys such as
a-Si;—,N,:H and a-Si;_,C,:H have a band gap wider
than that of a-Si:H depending on the composition x.
In the preparation of these alloys, x can be varied con-
tinuously over a certain range. Thus, the band gap can
be varied arbitrarily. It is possible to prepare multilayer
films consisting of layers with different band gaps, such
as a-Si:H/a-Si;—N,:H. Quantum size effects in multi-
layer films will be described in Sect. 24.6.

It is difficult to obtain the absorption spectra below
the band gap from transmittance measurements in a-
Si:H, which is normally prepared as a thin film. Such
low absorption in a-Si:H has been measured by PDS
and CPM.

PL from a-Si:H was observed by Engemann and
Fischer [24.49] for the first time. The quantum ef-
ficiency has been found to be of the order of
unity [24.50], although it decreases with increasing
density of dangling bonds [24.51]. PL spectra from a-
Si:H films generally consist of two components. The
first is observed as a peak at 1.3—1.4¢eV with a full-

Table 24.2 Band gap energies, Urbach tail widths and dark
conductivities at room temperature for a-Si:H, a-Ge:H and
related materials

Material E, Ey 0 (300 K) References
(&V) meV) (R lem™

a-Si:H 1.75 48 1011 [24.41,
42]

a-Ge:H 1.05 50 10— [24.41,
42]

a-Sig.7Co.3:H 2.28 [24.43]

183.4

a-Sig.gCo.2:H 22 1015 [24.44]

a-Sip 4No.¢:H 30 =~200 =~10"% [24.45—
471

a-Sip uNo2s:H ~2.0 ~ 100 1.4 %1078 [24.45,
46,48)

width at half magnitude (FWHM) of 0.3 eV. The other
component, which is called low-energy PL (defect PL),
is observed at 0.8—0.9eV.

The origin of the main peak has not been fully un-
derstood. Electrons and holes in the tail states may give
rise to this PL. Dunstan and Boulitrop [24.52] have
shown that the PL spectra of a-Si:H can be under-
stood without considering electron—phonon coupling.
However, the electron—phonon coupling has still been
discussed. Morigaki proposed a model on the basis of
ODMR measurements [24.14] in which self-trapped
holes and tail electrons are the origin of the PL at low
temperatures [24.53], while tail holes and tail electrons
participate in the PL at high temperatures.

In the case of radiative recombination of localized
electron-hole pairs the lifetime depends exponentially
on the separation of the electron and the hole, as de-
scribed in Sect. 24.3.1. When the spatial distribution of
electrons and holes is random, a broad lifetime distribu-
tion is predicted. This model describes some properties
well, e.g., the generation-rate dependence of the life-
time. However, it has been pointed out that we have to
consider the PL from specific electronic states such as
excitonic PL to understand the lifetime distribution at
low generation rate [24.54-56]. PL due to triplet exci-
tons in a-Si:H has been suggested by optically detected
magnetic resonance measurements [24.57,58]. The PL
from singlet excitons, which is expected to have life-
time of about 10 ns, has also been reported [24.59-61].

The low-energy PL is emission from deep gap states
created by defects. However the origin of low-energy
PL is not neutral dangling bonds (T9) of Si since they
act as nonradiative centers, as has been suggested from
optically detected magnetic resonance [24.62]. Yam-
aguchi et al. [24.17, 18] proposed a model in which the
origin of the low-energy PL is T;‘ —Nj;  pairs.
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Fig. 24.12
Schematic il-
lustration of the
transient pho-
tocurrent curve
for the dispersive
transport
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The drift mobility of carriers, i.e., electrons and
holes, in a-Si:H has been measured by the method of
time of flight (TOF), using blocking electrodes [24.63].
In the measurement, carriers are created by an op-
tical pulse near one of the electrodes and run as
a sheet-like shape against another electrode. The tran-
sient photocurrent i, associated with a pulsed optical
excitation exhibits a dispersive behavior, as shown in
Fig. 24.12 [24.63, 64], which is given by

i oc =) (24.3)

for <t

and

ip oc (1)

for t>t, (24.4)

where #, designates the transit time, as shown in
Fig. 24.12, given by

L

_ (24.5)
el

=

in which L, ;g and F are the separation of the two
electrodes, the drift mobility and the magnitude of the
electric field, respectively. In dispersive conduction, the
drift mobility depends on the thickness of the sam-
ples. This is due to dispersive carrier processes, which

are caused by dispersion of the flight time. Band con-
duction with multiple trapping of carriers also exhibits
dispersive conduction, as was observed in a-Si:H and
chalcogenide glasses. For undoped a-Si:H, the drift mo-
bility was on the order of 1 cm?/V at room temperature.
o = 0.51 was obtained as 160 K [24.11]. This transient
behavior depends on temperature, i. e., it becomes more
dispersive at lower temperatures. « is related to the ex-
ponential tail width (normally equal to Ey) E. = kg T,
as follows

T

o= T (24.6)
From the value of «, the tail width of the conduction
band has been obtained to be 25 meV. For hole trans-
port, dispersive behavior has also been obtained and
a drift mobility of the order of 1072cm?/V has been
obtained at room temperature.

For the steady-state photoconductivity of undoped
a-Si:H, it has been generally accepted that photocon-
duction occurs through electrons in the conduction band
at temperatures above ~ 60K and through hopping
of tail electrons at temperatures below = 60K. The
detailed processes of trapping and recombination of
carriers involved in photoconduction have been dis-
cussed in many literatures (see, e.g., Morigaki [24.2];
Singh and Shimakawa [24.3]). In relation to this is-
sue, spin-dependent photoconductivity measurements
are very useful, and have therefore been extensively
performed on a-Si:H [24.68-70].

24.3.3 Chalcogenide Glasses

As mentioned in Sect. 24.3.1, the absorption coeffi-
cient for the interband transition in many chalcogenide
glasses is well described by Tauc’s relationship (24.1).
The optical gap E, is shown in Table 24.3 for vari-
ous chalcogenide glasses. The effect of light on op-
tical absorption in chalcogenide glasses is known as

Table 24.3 Band gap energies, drift mobilities, and dark conductivities at room temperature for chalcogenide

glasses [24.2]

Material E, [24.66] Ha (em?/(Vs)) [24.1,65] o (300K) [24.66]
V) n-type p-type @ Tem™)

Se 2.05 3—6x1073 1—2x10~! 10716

As1S;3 2.32 1017

As>Se3 1.76 10—3 1012

AsyTe3 0.83 102 10—

GeS, 3.07 10714

GeSe, 2.18 1.4 x107! 4 %1072 10~

SbySes 0.70

Cd—In— S [24.67] 22 302 9x10~!

4 Hall mobility
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photo-darkening. This effect will be briefly reviewed
in Sect. 24.5.

PL has been observed in a-Se, arsenic chalcogenide
glasses and germanium chalcogenide glasses. PL in
chalcogenide glasses is known to have a large Stokes
shift. The peak energy in the PL spectra is approxi-
mately half of the band gap. This Stokes shift has been
attributed to strong electron—phonon coupling [24.71].
The electronic states responsible for the PL have not
been well understood. There has been some experi-
mental evidence for PL from self-trapped excitons. The
observation of triplet excitons has been reported in

24.4 Electrical Properties
24.4.1 General Aspects

Electrical Conductivity
Electrical conduction in amorphous semiconductors
consists of band conduction and hopping conduction.
Band conduction in undoped amorphous semiconduc-
tors is characterized by

E,
0 = 0p exp (_k aT) , (24.7)
B

where o and oy are the electrical conductivity and
a prefactor, respectively, and E,, kg and T are the acti-
vation energy, the Boltzmann constant and the temper-
ature, respectively. E, is given by either E. — Er or Ep —
Ey, depending on whether electrons or holes are consid-
ered, where E., Ev and Ep are the mobility edges of the
conduction band and the valence band, and the Fermi
energy, respectively. Hopping conduction in amorphous
semiconductors consists of nearest-neighbor hopping
and variable-range hopping [24.1]. Nearest-neighbor
hopping is well known in crystalline semiconductors,
in which electrons (holes) hop to nearest-neighbor sites
by emitting or absorbing phonons. Variable-range hop-
ping is particularly associated with tail states, in which
electrons (holes) in tail states hop to the most probable
sites. This type of hopping conductivity oy, is character-
ized by the following temperature variation

B
Up = O'p() exXp (—m) . (24.8)

The Hall Effect
The Hall effect is used for the determination of carrier
density and its sign in crystalline semiconductors. For
amorphous semiconductors, however, the sign of the
Hall coefficient does not always coincide with that of

ODMR measurements for chalcogenide glasses such as
As,S3 and As;Se; [24.72-74].

Dispersive transport was observed in the transient
photocurrent for the first time for chalcogenide glasses
such as a-As,Ses, in which the hole transport dominates
over the electron transport [24.63]. The drift mobility of
holes ranges between 1073—107> cm?/V, depending
on the temperature and electric field. The zero-field hole
mobility at room temperature is about 5 x 107> cm?/V.
The steady-state photoconduction in a-As,Ses has been
considered to be governed by charged structural defects
such as VAPs.

the carriers [24.75]. Such a sign anomaly has been ob-
served in a-Si:H, as will be shown in Sect. 24.4.2.

Thermoelectric Power
The thermoelectric power S associated with band con-
duction of electrons is given by

kg (E.—Ef
§—_ A). 24.9
; ( T + ) (21.9)

where A is a quantity depending on the energy depen-
dence of the relaxation times associated with electrical
conduction. For hole conduction, § is given by (24.9)
except that E; — Ep is replaced by Er —Ey and that
the sign of S is positive. The sign of S coincides with
that of the carriers. The thermoelectric power S (24.9)
is related to the electrical conductivity o (24.7) as fol-
lows [24.76]

Ino + =lnoy+A=0. (24.10)

°s
kg

The temperature-dependent quantity Q is defined as
above. The activation energies of ¢ and S, Es and Ej,
are equal to each other. Then, Q is defined by Qy as
follows

O=Inopy+A=Qp. (24.11)

However, if E4 is not equal to Eg, Q is generally ex-
pressed by

Eo
0=0-—% 24.12

O keT (2612
Eg=Ey —Es. (24.13)

It has been generally observed that E4 is greater than
Eg,i.e., E5 > Eg. This has been accounted for in terms
of long-range fluctuation of the band edge. The electri-
cal conduction is due to those carriers that are thermally

h*he | ) Med
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Fig. 24.14 Electrical conductivity versus T~/ for a-
SiAu;_, films. (After [24.77])

excited into the valley of the band-edge fluctuation and
cross over its barrier, while the thermoelectric power,
i.e., transport of phonon energy by carriers, is gov-
erned by carriers in the valleys. Thus, a relationship of
Es > Eg can be accounted for in terms of long-range
fluctuation of the band edge [24.76].

states, those at Ex move by hopping. The dotted curve
marked B-S was obtained by Beyer and Stuke [24.78] for
a slowly evaporated sample annealed at 310 °C [24.79]

Drift Mobility
The drift mobility of carriers is measured by the TOF
method, as mentioned in Sect. 24.3.2. The drift mobility
Mg 1s estimated from (24.5).

In the following, the electrical properties of a-Si:H
and related materials and chalcogenide glasses are de-
scribed.

24.4.2 a-Si:H and Related Materials

A typical example of band conduction and variable-
range hopping conduction is shown in Fig. 24.13,
which is the temperature dependence of the electrical
conductivity for a-SiyAu;_, films prepared by vapor
evaporation [24.77]. Band conduction occurs at high
temperatures and variable-range hopping conduction
at low temperatures. The 77'/4 law of temperature
variation of electrical conductivity is clearly seen in
Fig. 24.14. The values of the dark conductivities of
a-Si:H, a-Ge:H and related materials at room tempera-
ture are shown in Table 24.2. Figure 24.15 shows the
temperature dependencies of S for a-Ge:H, in which
two slopes of the curve of S versus 7! are seen with
0.43eV in the high-temperature range and 0.17¢eV in
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the low-temperature range [24.79]. This crossover of
two slopes is accounted for in terms of two different
mechanisms of electrical conduction, i.e., band con-
duction at high temperatures and hopping conduction
in the band-tail states at low temperatures [24.80]. In
amorphous semiconductors, doping control is gener-
ally difficult, because the constituent atoms obey the so
called 8 — N rule to satisfy the coordination of covalent
bonds with their neighboring atoms. In a-Si:H, however,
n-type doping and p-type doping were performed by us-
ing phosphorus (group V element) and boron (group III
element), respectively [24.81].

The Hall coefficient of a-Si:H has been mea-
sured [24.75]. In crystalline semiconductors, when the
carriers are electrons, its sign is negative, and when
the carriers are holes, its sign is positive. The sign of
the Hall coefficient is generally negative irrespective of
that of the carriers in amorphous semiconductors. This
has been accounted for in terms of the random phase
model [24.82]. However, for the Hall coefficient of a-
Si:H, this is not the case, i.e., when the carriers are
electrons, the sign is positive, and when the carriers are

24.5 Light-Induced Phenomena

Light-induced phenomena in amorphous semiconduc-
tors were first observed for chalcogenide glasses
as photo-darkening, PL fatigue and photostructural
changes associated with illumination whose energy
equals to or exceeds the band-gap energy (see, e.g., Shi-
makawa et al. [24.86]; Singh and Shimakawa, [24.3]).
Photo-darkening is an effect in which the absorption
edge shifts towards lower photon energy under illumi-
nation, as shown in Fig. 24.16 [24.87]. PL fatique is the
decrease of the PL intensity associated with illumina-
tion. Photostructural changes are observed as changes
of the volume (generally expansion) of the sample with
illumination. PL fatigue may be due to light-induced
creation of charged structural defects acting as nonra-
diative recombination centers. For the photo-darkening
and the photostructural change, it has been discussed
whether they are independent of each other or not. Thus,
the origins of these phenomena are still unclear.
Light-induced phenomena in a-Si:H were observed
first in the dark conductivity and photoconductivity,
i.e., drops in their values after prolonged illumina-
tion of band-gap light (the so-called Staebler—Wronski
effect [24.88]). Subsequently, such phenomena have
been observed in PL, optical absorption and ODMR
etc. [24.2]. This effect also gives rise to degradation
of the performance of amorphous-silicon solar cells, so
that this has received great attention from the view-

holes, the sign is negative. Such an anomalous Hall co-
efficient in a-Si:H is called double reversal of the Hall
coefficient and has been accounted for, taking into ac-
count antibonding orbitals for electrons and bonding
orbitals for holes [24.83].

24.4.3 Chalcogenide Glasses

The values of the dark conductivities of chalcogenide
glasses at room temperature are shown in Table 24.3
along with those of j14 at room temperature. In chalco-
genide glasses, the Fermi level is pinned near the
midgap and this has been considered to be due to
VAP defects with negative correlation energy. Thus,
doping seems difficult, except for a few cases, e.g.,
the incorporation of Bi into a-Ge:S and a-Ge:Se in-
creases the direct current (DC) conductivity by 6-—
7 orders of magnitude [24.84,85]. This doping ef-
fect is due to chemical modification instead of con-
ventional doping. Furthermore, Cd-In—S chalcogenide
glasses exhibit 0 ~ 1 x1072Q " ecm™! at room tem-
perature [24.67].

point of application. After prolonged illumination,
dangling bonds were found to be created [24.89,90],

Absorption coefficient (cm™) x 10°

Unpolarized illumination
: ZT Polarized illumination
Annealed
7
5
3
AS2S3 film 25°C
242 2.46 2.50 2.54

Photon energy (eV)

Fig. 24.16 Optical absorption edge of As,S; films an-
nealed or illuminated with unpolarized or linearly polar-
ized light (| : solid line and «|: dashed line). o)) and o |
refer to polarization along the plane of illumination and
perpendicular to it, respectively. (After [24.87])
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Fig. 24.17 (a) Self-trapping of a hole by a weak Si—Si
bond adjacent to a Si—H bond. (b) Nonradiative recombi-
nation of a self-trapped hole with an electron. (c) A Si—H
bond is switched toward the weak Si—Si bond and a dan-
gling bond is left behind. (d) Formation of two separate
dangling bonds after hydrogen movements and repeating
of processes shown in (a—c)

so that light-induced creation of dangling bonds has
been considered as the origin of these phenomena.
Several models have been proposed for mechanisms
for light-induced creation of dangling bonds [24.53,
91-96], but this issue is still controversial (see, e.g.,

a) \

/s ®C>Sl
V.
/ 51 / \Si/
/N / N\

(9) (@\

//Si—Si— | l \

.__Si Si e
/S\ / si /Sl\

I

Morigaki [24.2]; Singh and Shimakawa [24.3]). Very re-
cently, the creation of a number of dangling bonds such
as 1 x10'° em™3 after pulsed optical excitation has been
observed in high-quality a-Si:H films [24.97, 98]. This
result has been accounted for in terms of the authors’
model [24.99], based on a combination of the following
processes occurring during illumination. Self-trapping
of holes in weak Si—Si bonds adjacent to Si—H bonds
triggers these weak bonds to break using the phonon
energy associated with nonradiative recombination of
electrons with those self-trapped holes (Fig. 24.17a,b).
After Si—H bond switching and hydrogen movement,
two types of dangling bonds are created, i. e., a normal
dangling bond and a dangling bond with hydrogen at
a nearby site, i. e., so-called hydrogen-related dangling
bonds (Fig. 24.17¢,d). In the latter, hydrogen is disso-
ciated from the Si—H bond as a result of nonradiative
recombination at this dangling bond site. Dissociated
hydrogen can terminate two types of dangling bonds
(Fig. 24.18c,d) or can be inserted into a nearby weak
Si—Si bond (Fig. 24.18a). The dependencies of the
density of light-induced dangling bonds on illumina-
tion time and generation rate have been calculated
using the rate equations governing these processes.
The results have been compared with experimental re-
sults obtained under continuous illumination and pulsed
illumination with good agreement. Light-induced struc-
tural changes, i.e., volume change [24.100] and local
structural changes around a Si—H bond [24.101] have
also been observed in a-Si:H and the origins for these
changes have been discussed [24.102—104]. Further ref-
erences are included in [24.105].

_Si—Si— | \ @)
__Si l S N
/Sl\ /\Sl/\

d) \ _®@_/
3 Si/— | | \/ \ />
__si Si 4
/K 7\7/ >

_Si

Fig. 24.18 (a) Dissociation of hydrogen from a hydrogen-related dangling bond and insertion of hydrogen into a nearby
weak Si—Si bond (formation of a new hydrogen-related dangling bond). (b) Two separate dangling bonds, i. e., a normal
dangling bond and a hydrogen-related dangling bond. (c) Dissociation of hydrogen from a hydrogen-related dangling
bond and termination of a normal dangling bond by hydrogen. (d) Termination of a hydrogen-related dangling bond by

hydrogen
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24.6 Nanosized Amorphous Structure
Recent technologies have enabled us to control the the same separation as that illustrated in Fig. 24.19b. We
properties of semiconductors by introducing artificial —expect that the shift of the optical gap in BM films AE
structures of nanometer size such as quantum wells, will be proportional to L™!, where L denotes the mod-
quantum wires and quantum dots. The quantum well ulation period. The band gap of BM films observed in
is formed by preparing multilayers consisting of two experiments are in agreement with that expected from
semiconductors. Figure 24.19a illustrates the conduc- the above consideration [24.107]. Parabolic potentials
tion and valence band edges in such multilayers con- in crystalline semiconductors have also been introduced
sisting of two semiconducting materials with different (see Gossard et al. [24.109]). However it is difficult to
band gaps, plotted as functions of the distance from obtain such structures that are small enough to observe
the substrate z. The curves of the conduction and va-  significant quantum effects in crystalline semiconduc-
lence bands in Fig. 24.19a are considered to be the tors.
potentials for the electrons and holes, respectively. The Recently, preparation of amorphous silicon quantum
motion of the electrons and holes is assumed to be de-  dots in silicon nitride has been reported [24.110]. The-
scribed by effective mass equations which are similar oretical calculations for silicon nanostructures [24.111]
to the Schrodinger equation. When the barriers of the have predicted that the oscillator strength in low symme-
potentials are high enough to prevent the carriers from  try is larger than that in high symmetry. A large quantum
moving to the adjacent well, the quantum levels (for efficiency for PL is expected in the case of amorphous
motion along the z-axis) are as illustrated in Fig. 24.19a.  quantum dots. Thus, amorphous quantum wires and dots
The band gap of the multilayer E, is equal to the sepa-  have potential applications in light-emitting devices with -
ration of the quantum levels of the lowest energy in the high efficiency. o
conduction and valence bands, as shown in Fig. 24.19a. Chalcogenide glasses multilayers have been pre- -
E, increases with decreasing thickness of the well layer ~ pared [24.112-114], whose optical properties such as o
L,; this is well known as the quantum-size effect. When optical absorption and PL, and electrical properties F
the height of the barrier is infinite, AE = E, — Eg,, is  have been measured. o

proportional to L, 2, where Eg,, denotes the band gap of
the material of the well layer.

Multilayers of various amorphous semiconductors
have been prepared. Observation of the quantum size
effect has been reported in some amorphous semicon-
ducting multilayers. For example, the shift of the optical
gap of an a-Si:H/a-Si;—,N,:H multilayer from that of
a-Si:H, AE, is proportional to L 2 where L, is the
thickness of the a-Si:H layers (e.g., Morigaki [24.2];
see Yamaguchi and Morigaki [24.106]; and references
therein). The result, AE o Ly, 2 is consistent with quan-
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Physics, University of Tokyo, for providing us with
their unpublished materials (Fig. 24.7a,b). Stimulating
and helpful discussions were held with Prof. S. Kugler
during the stay of one of us (K.M.) at the Budapest Uni-
versity of Technology and Economics, for which K.M.
is grateful.

tum size effect in a square-well potential. aé bl)g
In the case of amorphous semiconductors, it is easy i | Ly [
to introduce a potential well of arbitrary shape, be- —| Lg ‘F ‘

cause the optical gap of the amorphous semiconducting
alloy, which depends on the composition, can be var-
ied continuously within a certain range. The authors

have prepared a new type of a-Si:H-based film called - - E,
band-edge modulated (BM) a-Si;—,N,:H, in which the f
potentials for electrons and holes are sinusoidal func-

tions of z [24.107,108]. The band-edges for the BM ] L
films are illustrated in Fig. 24.19b. In this case, the >

quantum size effect is also expected, similarly to the

case of multilayer films. However, the quantum levels Fig. 24.19 The edges of the conduction and valence bands in
and the size dependencies of the band gap are different (a) multilayer films and (b) band-edge modulated films, as func-
from those in the case of multilayer films. In the case tions of z, where z denotes distance from the substrates. The dashed
of BM, the potential is approximately parabolic at the lines indicate quantum levels. The band gap E,, which increases
bottom of the well. In this case the quantum levels have due to the quantum size effect, is also shown
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