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Disorder, defects, and optical absorption ina-Si and a-Si:H

Simone Knief and Wolfgang von Niessen
Institut für Physikalische und Theoretische Chemie, Technische Universita¨t Braunschweig, Hans-Sommer-Straße 10,

D-38106 Braunschweig, Germany
~Received 23 December 1998!

In this paper we present the optical properties of various structural models fora-Si anda-Si:H. We discuss
how topological disorder, hydrogen content, and different types of defects~dangling bonds and floating bonds!
influence the shape of the optical-absorption spectrum and the position of the Urbach edge. The absorption
behavior is characterized by the joint density of states. The band gaps are obtained via the Tauc plot. The
principal structure of the optical absorption spectrum is determined mainly by the degree of topological
disorder and the amount of hydrogen. The presence of defects gives rise to tail absorption. Dangling bonds
affect the optical properties more than floating bonds do.@S0163-1829~99!08319-8#
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I. INTRODUCTION

During the last 20 years the physics and technology
amorphous silicon~a-Si! and its hydrogenated form (a-Si:H)
have reached a degree of maturity which has made poss
the use of these materials in an increasing number of ap
cations. To produce materials of high device quality, a
tailed analysis of the relation between the electronic prop
ties and the network structure is necessary. The knowle
of the optical properties also provides useful insight into h
topological disorder and defects influence the properties
amorphous semiconductors. In a previous paper we stu
the electronic density of states~DOS! and the localization
behavior of the states for different structural models fora-Si
and a-Si:H.1 In this paper we focus our attention on th
optical properties of these structural models.

Whereas the optical spectrum ofc-Si consists of two
peaks and terminates abruptly at the band edges, the s
trum of the amorphous form has a rather diffuse structu
The imaginary part of the dielectric constant contains onl
single broad asymmetric peak which extends into the
region. The width of this tail depends on the degree of d
order and the bonding character of the atoms.

The absorption spectra ofa-Si anda-Si:H generally con-
sist of three ranges characterized by their photon ene
dependence.2 They are called high-energy absorption, U
bach region, and tail absorption. The high-energy region
characterized by optical-absorption coefficients larger t
104 cm21. The structure of the optical spectrum in this e
ergy range is caused by transitions between extended
tronic states, just as those which occur in the correspond
crystalline structures. It is generally believed that the abso
tion coefficient in the high-energy region shows a parabo
dependence on the energy. An exponential dependenc
the energy is observed for absorption coefficientsa
<103 cm21. This part of the optical spectrum is called th
Urbach region, and extends over several orders of magni
in the absorption coefficienta.3 This energy region is char
acterized by transitions between localized electronic state
one band tail and extended states in the other band.4 On
account of the broader tail of the valence band~VB!, the
number of transitions from localized states in the VB to e
PRB 590163-1829/99/59~20!/12940~7!/$15.00
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tended states in the conduction band~CB! exceeds the num
ber of transitions between extended states in the VB
localized states in the tail of the CB. The third part of t
optical spectrum is located below the Urbach region, and
called tail or defect absorption. This energy range belong
transitions involving defect states which are localized in
vicinity of the Fermi level.

For amorphous semiconductors it is generally assum
that the exponential absorption tail is directly related to
similar exponential tail of the DOS of either one of the tw
energy bands.2 The absorption coefficienta can be written in
the form

a~\v!5M2~\v!E DV~E!DC~E1\v!dE. ~1!

The integral is the joint density of states~JDOS! which
integrates over all pairs of states in the valence band and
conduction band separated by a constant energy\v. Jackson
and co-workers5,6 used experimentally obtained DOS distr
butions of the VB and CB to determine the JDOS and
study the energy dependence of the dipole matrix elem
M (E) for interband absorption inc-Si and a-Si:H. Their
results indicate that the value of the matrix element is nea
independent of the photon energy in the range from 1.5
3.4 eV, and decreases rapidly at higher energies. For ph
energies below 1.5 eV the value ofM (E) is slightly higher
than in the range 1.5–3.4 eV. Due to this relative ene
independence of the matrix element, the main contribution
the absorption coefficient of amorphous semiconductor
given by the convolution of the VB and CB. For amorpho
silicon it is generally assumed that the VB tail, with a wid
of 40–60 meV, is broader than the tail of the CB~10–30
meV!, and therefore dominates the absorption edge in
optical spectrum.7

The slope of the Urbach tailE0 defined as E0
5]\v/] lna can also be used to characterize the degree
disorder in amorphous systems.8,2 For unhydrogenated amor
phous silicon the value of the Urbach slope varies betw
60 and 160 meV depending on the preparation conditio
The experiment demonstrates that ina-Si the slope of the
Urbach tail increases with the defect concentration. The
12 940 ©1999 The American Physical Society
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troduction of hydrogen has the opposite effect, i.e., the va
of the Urbach slope decreases with an increasing amoun
hydrogen.7

There is no pronounced feature in the optical absorp
spectrum of an amorphous semiconductor which can be
rectly related to an optical gapEg . Therefore,Eg can only
be defined in terms of an extrapolation of the energy ban
Several methods are currently in use to define an optical
in amorphous semiconductors, and have been discussed
troversially. The simplest one is to considerEg as the energy
corresponding to an absorption coefficienta of 104 cm21.
The band gap obtained via this procedure is called the
absorption gapE04.9,10 Another useful definition of the op
tical gap is the Tauc plot.11 In almost all investigated amor
phous semiconductors, the optical-absorption spect
abovea5104 cm21 follows the empirical law

@\va~\v!#1/25B1/2~\v2ETauc! ~2!

under the assumption that both the VB and CB have p
bolic band edges.B1/2 includes information on the convolu
tion of the two energy bands and the matrix element of
tical transitions. The value of the optical gap (ETauc) can be
obtained from this relation by extrapolating the absorpt
coefficient to zero absorption. Jacksonet al.5 compared the
optical gaps fora-Si:H obtained with different criteria, and
found that the Tauc plot is the most suitable one. In its
havior it closely follows the mobility gapEm . Cody et al.,2

on the other hand, pointed out that it is always possible
plot any root ofa and obtain a nearly linear variation wit
the energy. Several papers12–14 suggested that an extrapol
tion of the nearly linear functional dependence
@a(\v)(\v)#1/3 versus the photon energy is more suitab
to define an optical gap (E3) than the Tauc plot. In this pape
we use different criteria for determining optical gaps, a
demonstrate that the Tauc plot is the most suitable one w
compared with experimental results.

There is a large amount of experimental data on the o
cal properties ofa-Si anda-Si:H.7 Most of them demonstrate
that the shape of the optical-absorption spectrum and
position of the Urbach edge are strongly dependent on
degree of thermal and structural disorder.2,15–19But it is very
difficult in the experiment to separate those properties wh
are caused by defects and those which are the result of t
logical disorder. In contrast to the experimental investig
tions only a few calculations have been performed to und
stand the role that disorder plays in determining the shap
the optical-absorption spectrum. O’Leary an
co-workers9,20,21and Zammitet al.22 studied the influence o
topological disorder on the optical properties ofa-Si. Their
investigations demonstrated that the width of the Urba
range increases with increasing degree of topological di
der. Simultaneously the value of the optical gap decrea
To study the influence of differently coordinated atoms
the properties of amorphous silicon, various structural m
els have been developed. Most of them are based u
molecular-dynamics simulations, and contain both dang
bonds and floating bonds. These structural models are ab
address the question of which type of defect more stron
affects the electronic properties by calculating the local d
sities of states. However, they are not able to study the
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fluence of the differently coordinated atoms on the opti
properties, because these calculations are based on the
density of states. Here we present a detailed analysis of
optical properties of various structural models fora-Si and
a-Si:H which only contain one type of defect. With thes
structural models we are able to differentiate between th
properties in the optical spectrum which are caused by
fects and those which are the result of topological disorde
will be shown that topological disorder, hydrogen, and d
fects influence different parts of the optical-absorption sp
trum, and that dangling bonds affect the optical propert
more than floating bonds do.

The outline of the paper is as follows. Section II contai
a short description of the different structural models and
discussion of their electronic structures. The optical prop
ties are presented in detail in Sec. III. Conclusions are
rived in Sec. IV.

II. MODEL CONSTRUCTION AND ELECTRONIC
PROPERTIES

We give a short description of the construction princip
for the various structural models used in this paper, a
briefly discuss their electronic properties together with
localization behavior of the states. This information is ne
essary to understand the optical processes in amorphous
con, which depends explicitly on the details of the DOS.
detailed description was given in a previous paper.1

To simulate a continuous random network~CRN! we use
the vacancy model of Duffy, Boudreaux, and Polk.23 Topo-
logical disorder is introduced in this structural model by r
moving a given number of randomly chosen atoms from
diamond lattice. After each elimination step the four uns
urated bonds have to be reconnected by new bonds.
degree of disorder is characterized by the vacancy con
tration cf . This is the fraction of atoms which is remove
from the regular lattice. To generate a structural model c
taining threefold-coordinated silicon atoms@dangling bonds
~DB’s!# we cut the longest bonds in a CRN and relax t
resulting structure with the connectivity list. To introduc
fivefold- and sixfold-coordinated atoms@floating bonds
~FB’s!#, we remove four atoms which are second neighb
instead of only one atom from the regular lattice during ea
elimination step, because we have found that a large lo
vacancy concentration gives rise to overcoordinated sili
atoms. To generate ana-Si:H structure, from a defect struc
ture we remove all silicon atoms with a coordination numb
different from 4 and saturate the resulting free bonds p
tially or completely with hydrogen.

The relaxation of the various structural models has b
performed with a Monte Carlo procedure together with t
Keating potential. The electronic properties are calcula
with the tight-binding approximation. The parameters for t
tight-binding Hamiltonian are taken from the work o
Harrison24 (a-Si) and Allan and Mele25 (a-Si:H). To study
the localization behavior and to determine the mobility edg
EV in the VB, andEC in the CB, we use a method which wa
developed by Thouless, Edwards, and Licciardello.26,27 We
have considered four different vacancy concentrationsf
50.025, 0.05, 0.10, and 0.20! to study the influence of topo
logical disorder. To examine the changes in the proper
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which are caused by different types of defects we comp
amorphous structures with the same degree of topolog
disorder (cf50.10) and vary the defect concentration fro
cd50.00 to cd50.20.

Our investigations demonstrate that the principal struct
of the DOS of the two energy bands is caused by the de
of topological disorder. The presence of different types
defects causes strong changes in the electronic prope
only in the vicinity of the Fermi level. For the crystallin
state the two energy bands show several characteristic
tures which are the result of the band structure in crystal
systems. Through the introduction of topological disord
the long-range order disappears and the two energy b
lose their structure with increasing degree of disorder. Sim
taneously the size of the energy gap decreases, but it
fills up for unrealistically high degrees of disorder. Th
structural properties of our CRN model show the best ag
ment with experiment for vacancy concentrations aroundf
50.10. For this degree of disorder the VB consists of t
peaks, and the CB is nearly featureless@see Fig. 1~a!#. Via
the introduction of different types of defects~DB’s or FB’s!
the energy gap disappears and the number of electronic s
in the vicinity of the Fermi level increases with increasi
defect concentration. DB’s induce more defect states t
FB’s do @see Figs. 1~b! and 1~d!#. The introduction of hydro-
gen removes all states around the Fermi level reintroducin
true gap between the VB and CB@see Fig. 1~c!#. The width
of the gap increases with increasing hydrogen concentra
because silicon-silicon bonds are removed by stron
silicon-hydrogen bonds. The enlargement of this energy
is mainly caused by a recession of the VB edge.

All structural models discussed in this paper show str

FIG. 1. Density of states for various structural models~3686
atoms!: ~a! and ~b! CRN model (cf50.10), ~c! and ~d! dangling-
bond model (cd50.05), ~e! and ~f! floating-bond model (cd
50.05), and~g! and ~h! a-Si:H model (cH50.20). The left-hand
side presents the total DOS, and the right-hand side the re
around the Fermi level with the mobility gaps indicated.
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ger localization at the band edges of the CB than at the
edges. The states in the interior of the two energy ba
seem to be extended. In the defect models the states in
vicinity of the Fermi level induced by dangling bonds
floating bonds are completely localized as long as the de
concentration is small, i.e., the atoms participating in a de
are essentially isolated in the structure. For defect concen
tions higher than cd50.10 we find a small amount of ex
tended states in the region of the Fermi level. The values
the mobility gaps,Em , for the different structural models ar
listed in Table I. For the CRN model the width of the m
bility gap decreases with increasing degree of topolog
disorder. In a-Si:H the mobility gap increases with th
amount of hydrogen. For the dangling-bond model and
floating-bond model the values of the mobility gaps show
strong dependence on the defect concentration in the de
concentration range considered here. Stronger variations
pear in the dangling-bond model than in the floating-bo
model. Thea-Si:H structure characterized by a hydrog
content ofcH50.21 shows a value of the mobility gap whic
is in good agreement with experimental results. This is
the case for the CRN model and the defect models. Th
mobility gaps are too large.

III. OPTICAL PROPERTIES

This section consists of two parts. The first one dem
strates the changes in the optical-absorption spectrum ca
by the introduction of topological disorder and differe
types of defects. In the second part we analyze the chan
with increasing disorder in the optical-absorption coefficie
a, and compare different criteria for determining band ga
from optical data.

Figure 2~a! demonstrates how topological disorder infl
ences the optical-absorption spectrum. The shape is leas
fected in the high-energy range where it is comparable w
the one found for the crystalline state. Whereas the abs
tion edge for the crystal terminates abruptly at about 4.5
the presence of topological disorder leads to a shift of
absorption edge toward lower energies. This effect increa
with an increasing degree of topological disorder. Simul
neously the value of the absorption coefficient increases
the number of possible band-to-tail and tail-to-tail transitio
increases. With an increasing degree of topological disor
the absorption egde obtains a smaller gradient. For all
grees of topological disorder the optical-absorption spectr
contains different ranges of the energy dependence. For
ton energies below 2.0 eV, log10 a increases more or les
linearly, which indicates an exponential dependence on
energy. The logarithm of the absorption coefficient is nea
constant for photon energies higher than 6.0 eV. In the
ergy range between 2.0 and 6.0 eV,a shows no specific
dependence on the energy. A broader transition region
tween the exponential part of the optical-absorption spect
and the high-energy range was also observed in various
periments ona-Si thana-Si:H.7

In contrast to the CRN model, the transitions between
different parts of the optical spectrum of the dangling bo
model become less obvious with increasing defect conc
tration. The absorption spectrum for this structural mode
displayed in Fig. 2~b!. In contrast to the CRN model, th

on
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TABLE I. Band gaps obtained by various methods for the different structural models~in eV!.

CRN model cf50.025 cf50.05 cf50.10 cf50.20

Em 2.8 2.5 2.0 0.8
ETauc 2.2 2.1 1.7 1.3
E3 1.8 1.5 1.1 0.6
E04 3.1 2.6 2.0 1.4

DB model cd50.00 cd50.02 cd50.04 cd50.11 cd50.20

Em 2.0 2.5 2.2 2.0 2.1
ETauc 1.9 1.9 1.7 1.3 1.2
E3 1.0 1.1 0.6 0.8 0.4
E04 2.0 1.9 1.7 0.4 0.2

FB model cd50.00 cd50.02 cd50.04 cd50.11 cd50.20

Em 2.0 1.8 2.0 1.0 1.0
ETauc 1.8 1.6 1.5 1.6 1.3
E3 1.0 0.7 0.6 0.5 0.4
E04 1.8 1.7 1.7 1.4 1.2

a-Si:H model cH50.00 cH50.06 cH50.12 cH50.21 cH50.42

Em 1.0 1.2 1.3 1.8 2.4
ETauc 1.2 1.4 1.5 1.9 2.2
E3 0.6 0.8 1.0 1.5 1.9
E04 1.0 1.3 1.6 2.0 2.3
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optical spectrum of the dangling-bond model consists
three parts, because threefold-coordinated atoms give ris
absorption processes below the Urbach range~tail absorp-
tion!. Whereas the optical spectrum in the high-energy ra
above 4 eV is nearly unaffected by the presence of dang
bonds, the absorption behavior in the other regions is q
different from that of the CRN model. The intensity of th
absorption below the Urbach edge increases dramatic
with increasing defect concentration. This effect is stron
in the range of tail absorption than the corresponding ef
in the Urbach range. Furthermore, the increase of the abs
tion edge becomes less steep with an increasing conce
tion of dangling bonds.

For defect concentrations smaller thancd50.05, the tail
absorption behavior shows no specific structure. For lar
dangling-bond concentrations we observe the formation
an additional peak in this energy range with a maxim
close to the Fermi level. The width of this peak increas
with increasing amount of threefold-coordinated atoms.
multaneously the width of the Urbach range decreases. In
case when cd exceeds 0.10, the value of the absorption co
ficient in the range of the tail absorption is in some ca
higher than 104 cm21, which indicates the presence of e
tended states in the range of the tail absorption. This re
agrees with our earlier investigations about the localizat
behavior of electronic states ina-Si anda-Si:H.1 There we
find the presence of extended states in the vicinity of
Fermi level for the case where dangling bonds are no lon
isolated in the structure.

Compared to the dangling-bond model, the changes in
optical properties caused by the presence of floating bo
f
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are smaller@see Fig. 2~d!#. Analogous to the structural mode
for threefold-coordinated atoms, the optical spectrum of
floating-bond model consists of three parts, and the abs
tion below the Urbach edge increases with increas
amount of fivefold- and sixfold-coordinated atoms. In co
trast to the dangling-bond model, the absorption behavio
the range of tail absorption shows no specific structure for
defect concentrations investigated here. We only observ
shoulder which extends from aboutE50.0 eV to the begin-
ning of the Urbach range at about 1.0 eV. The intensity
the absorption in this energy range increases in a ne
monotonic fashion with an increasing amount of floati
bonds. The width of the exponential part of the optical sp
trum shows no strong dependence on the defect conce
tion. The value of the absorption coefficient in the range
tail absorption is always smaller than for the dangling-bo
model, and never exceeds 104 cm21. That is, all electronic
states in the vicinity of the Fermi level caused by floati
bonds are localized. Analogous to the structural models m
tioned above, the increase of the absorption edge beco
less steep with increasing amount of fivefold- and sixfo
coordinated atoms.

Up to now we have only discussed the influence of top
logical disorder and different types of defects on the optic
properties. Let us now turn to the question how these pr
erties change when defects are partially or complet
saturated by hydrogen. Figure 3 demonstrates the chang
the optical absorption spectrum when dangling bonds
partially passivated with hydrogen. In contrast to the pu
dangling-bond model, the absorption behavior of ana-Si:H
structure with defects shows no specific features in the ra
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of tail absorption. The different regions of the optica
absorption spectrum are clearly visible, independent of
defect concentration. With an increasing amount of hydro
and a decreasing defect concentration, the intensity of the
absorption decreases anda drops. Simultaneously the ab
sorption edge shifts to higher energies. This behavior of
optical-absorption spectrum was also observed in the exp
ment, when the pressure of hydrogen was increased du
the growth process.

Figure 2~c! displays the optical spectrum of various defe
free a-Si:H structures. Analogously to the CRN model, t
principal structure of the optical spectrum is nearly indep
dent of the amount of hydrogen and shows no tail absorpt
because all silicon atoms are fourfold coordinated. With
increasing hydrogen concentration the Urbach edge shift
higher energies. This result demonstrates that the increa
the optical gap with the amount of hydrogen is mainly t
result of an alloy formation similar to the situation
a-SiC:H, whereEg also varies linearly with the hydroge
concentration and is not due to the reduction in the num
of defects, an assumption which is often found in the lite
ture. In contrast to the other structural models discus
above, the absorption edge rises steeper with an increa
amount of hydrogen. The optical-absorption spectrum of
a-Si:H model shows the best agreement with experiment

FIG. 2. Optical-absorption coefficienta as a function of the
photon energy for various structural models~5000 atoms!: ~a! CRN
model, ~b! dangling-bond model,~c! a-Si:H model, and ~d!
floating-bond model.
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hydrogen concentrations betweencH50.12 and 0.21.
So far we have only described the changes in the struc

of the optical spectrum caused by disorder and defects. N
we will discuss the changes in the optical gap with incre
ing disorder. In Fig. 4 we plotAa(\v)\v versus the photon
energy for the CRN model, the dangling-bond model, a
thea-Si:H model. The Tauc plot for the floating-bond mod
is not shown, because for this structural model the change
the optical gaps are too small to be visualized. It can be s
that for high energies (E>1.5 eV! Aa(\v)\v exhibits an
essentially linear dependence on the energy, i.e., Tauc
sorption edges are observed. Extrapolating this high-ene
Tauc absorption behavior to zero absorption gives the va
of the optical gapETauc listed in Table I.

For the CRN model the Tauc gap decreases nearly
early with an increasing degree of topological disorder. T
introduction of hydrogen ina-Si widens the optical gap. This
effect also increases linearly with an increasing amount
hydrogen, as observed experimentally.8 Comparing the opti-
cal gaps of the CRN model and thea-Si:H model with the
mobility gapsEm obtained in our earlier work, we find a
almost parallel development with an increasing degree
disorder and an increasing amount of hydrogen. This is
always the case for the two defect structural models. Th
the differences between the optical gaps and the mob
gaps increase with the defect concentration. Whereas the
bility gaps show no specific dependence on the defect c
centration, the values of the optical gaps for the defect str
tural models decrease with increasing defect concentrat
This effect is stronger for the dangling-bond model than
the floating-bond model. Compared to the mobility gaps
values of the optical gaps obtained by the Tauc plot are

FIG. 3. Optical-absorption coefficienta for a-Si:H structures
containing dangling bonds~5000 atoms!.
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FIG. 4. The square root of the optical-absorption coefficient vs the photon energy for various structural models~5000 atoms!. The dotted
lines show the Tauc extrapolation.
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general 0.2–0.4 eV smaller. This result was also found
other theoretical investigations, and indicates that the ex
nential part of the optical-absorption spectrum begins be
the mobility edge, a question which has been discussed
troversially and unresolved till now. From our calculations
emerges clearly that the absorption begins below the mo
ity edge.

Finally we would like to discuss the accuracy of the d
ferent methods that are in use to determine band gaps
optical data. Table I summarizes the optical gaps for
different structural models. A comparison demonstrates
all criteria are able to describe the principal changes in
optical gaps caused by disorder or by defects correctly. T
is, through the introduction of topological disorder and d
ferent types of defects, the optical gap decreases. The p
ence of hydrogen, on the other hand, widens the optical g
In general, the values of the optical gaps obtained by
various methods increases in the following order:E3
<ETauc<Em<E04. This relation was also found by Jackso
et al.,5 who calculated the optical properties from expe
mental DOS measurements. In most cases the optical
using Tauc’s definition show the best agreement with exp
mental results and are comparable with the mobility ga
This is the only method which gives reasonable values of
optical gap for all structural models, independent of the
gree of disorder and the defect concentration. In particu
theE3 values obtained by the@a(\v)\v#1/3 plot versus the
photon energy give optical gaps which are substanti
smaller than the experimental values for the two defect st
tural models. The criterion of the isoabsorption gapE04
should not be used for determining an optical gap for str
tures with high concentrations of dangling or floating bon
In these cases we find a strong correlation between the re
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of tail absorption and the Urbach range, which complica
the definition of an optical gap.

IV. CONCLUSION

In this paper we have presented the optical properties
various structural models fora-Si anda-Si:H. We have dem-
onstrated how topological disorder, hydrogen, dangl
bonds, and floating bonds affect the structure of the optic
spectrum, and the position of the Urbach edge. The latte
mainly caused by the degree of topological disorder and
amount of hydrogen. Topological disorder leads to a bro
ening of the exponential part of the optical-absorption sp
trum and reduces the magnitude of the optical gap. The
troduction of hydrogen shifts the absorption edge tow
higher energies, which causes a widening of the optical g
The presence of defects gives rise to tail absorption and
creases the absorption below the high-energy range. T
effects are stronger in the dangling-bond model than in
floating-bond model. The results presented in this pa
demonstrate that electronic and optical properties are b
suitable to study the influence of disorder and different typ
of defects on the properties of amorphous semiconducto
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