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ABSTRACT

In this thesis, a quantitative analysis of the optical response of an amorphous
semiconductor is presented. The entire analysis is cast within the framework of
an empirical model for the valence band and conduction band density of states
functions, that captures the basic features expected of these functions. A novel
aspect of this analysis is the introduction of the density of localized valence band
and conduction band electronic states and the establishment of a means of evaluat-
ing these densities from knowledge of the density of states functions coupled with
the locations of the valence band and conduction band mobility edges. The deter-
mination of the contributions to the joint density of states function attributable
to the various types of optical transitions, as a function of the location of these
mobility edges, is another novel feature of this analysis. This formalism is then
applied in order to determine the spectral dependence of the normalized dipole
matrix element squared average corresponding to such a semiconductor. A means
of determining the spectral dependence of the optical absorption coefficient is also
provided. Finally, this formalism is applied to the specific case of plasma enhanced
chemical vapor deposition deposited hydrogenated amorphous silicon, this being
the most widely used amorphous semiconductor at present. It is found that the
mobility gap value suggested by Jackson et al. [Physical Review B, vol. 31, pp.
5187-5198, 1985] is discordant with the experimentally measured optical response.
It is also found that the effective masses associated with the electrons and holes

within plasma enhanced chemical vapor deposition are greater than those that oc-
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cur in crystalline silicon. The prospects for future work in this field, that builds

upon the results presented herein, are commented upon.
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spectrum. The mobility gap, F¢, — Fvy,, varies from case to case.
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3.22

3.23

3.24

The fractional contributions to the JDOS function corresponding
to the VBE-CBL and VBL-CBE optical transitions, i.e., ‘]"LJCBL
and J"BL%, as functions of the photon energy, Aw, with Ey, =
Eyt — 200 meV and F¢, = Eqt + 200 meV, By, = Eyt — 100 meV
and Ec, = Eqt + 100 meV, By, = FEy and Ec, = Eqt, By, =
Ey4+100 meV and E¢,, = E¢4—100 meV, and Ey, = Ey+200 meV
and E¢, = Eqt — 200 meV, all other DOS modeling parameter
selections being set to their nominal values, i.e., the values set in
Table 3.1. Note that JVBE% and JVBL% are completely coincident
over the entire spectrum. The mobility gap, E¢, — Ev,, varies from

case to case, this gap occurring when MJBL and JVBL% achieve

1

their maxima, i.e., 5. . . . . . . ...

The fractional contribution to the JDOS function, Je.., as defined
in Eq. (3.23), as a function of the photon energy, Aw. All DOS
modeling parameters are set to their nominal values, i.e., the values
set in Table 3.1, with Evy, set to Ey¢ and E¢, set to Eqt. . . . . . .
The fractional contributions to the JDOS function, Jq.., as defined
in Eq. (3.23), as a function of the photon energy, hw, for a number
of selections of 7y and ¢, i.e., for the cases of v = v¢ = 25 meV,
Yv = Yc = 50 meV, 7y = v¢ = 100 meV, and vy = ¢ = 200 meV.
All DOS modeling parameters are set to their nominal values, i.e.,

the value set in Table 3.1, with Evy, set to Ey¢ and E¢, set to Et.
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The fractional contributions to the JDOS function, J.., as defined
in Eq. (3.23), as a function of the photon energy, fiw, for a number
of selection of Ey, and FEg,, i.e., for the cases of Fy, = Fy —
200 meV and E¢, = E.t + 200 meV, By, = Eyt — 100 meV, and
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100 meV and E¢, = E.t — 100 meV, and Evy, = Ey + 200 meV
and E¢, = E.t — 200 meV, respectively. The other DOS modeling
parameter selections are set to their nominal values, i.e., the values
set in Table 3.1. . . . . . . . . . . o
The spectral dependence of the normalized optical transition matrix
element squared average, 2t*(hiw). The other DOS modeling param-
eter selections are set to their nominal values, i.e., the values set in
Table 3.1. . . . . . . .
The spectral dependence of the imaginary part of the dielectric func-
tion, e(hw). Eq. (3.9) is used for the purposes of this analysis.
R?(hw) is as specified in Figure 3.26. The other DOS modeling pa-
rameter selections are set to their nominal values, i.e., the values set
in Table 3.1. . . . . . . . .. .
The spectral dependence of the optical absorption coefficient, a(hw).
Eq. (3.24) is employed for the purposes of this determination. This
spectrum is determined assuming the nominal DOS modeling pa-

rameters selections specified in Table 3.1. For the purposes of this

analysis, n(hw) is set to V11.7. . . . . .o

XXV

114

117



4.1

4.2

4.3

4.4

The experimental PECVD a-Si:H DOS data of Jackson et al. [49].
A linear scale is employed. . . . . . . . . .. ... ... ...
The experimental PECVD a-Si:H DOS data of Jackson et al. [49].
A logarithmic scale is employed. . . . . . . . ... ... ... ....
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The square of the experimental PECVD a-Si:H DOS data of Jack-
son et al. [49] is depicted with the solid points. The resultant fits,
i.e., Egs. (4.7) and (4.8), for the DOS modeling parameter selections
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parameter selections tabulated in Table 4.1. The experimental data
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4.5

4.6

4.7

The DOS functions corresponding to PECVD a-Si:H. The experi-
mental PECVD a-Si:H DOS data of Jackson et al. [49] is depicted
with the solid points. The resultant exponential fits are shown with
the solid lines over the regions over which these fits were deter-
mined. Extrapolations of these fits are depicted with the dashed
lines. These fits were obtained in linear least-squares manners. . . .
The DOS functions associated with PECVD a-Si:H. The experimen-
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with the solid points. The fits of Eqgs. (4.3) and (4.4) to this experi-
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The correlation between the conduction band tail breadth and the
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4.8

4.9

The JDOS function corresponding to a-Si:H. The experimental JDOS
result of Jackson et al. [49] is depicted with solid points. The fit ob-
tained is indicated with the solid line. It is seen that there is almost
complete agreement, except for hw < 1.4 eV, at which point defect
absorption dramatically alters the character of the JDOS function,
and for Aw > 5 eV, at which point the non-parabolically of the VBB
and CBB distributions distorts the resultant JDOS function. Both
of these effects are beyond the framework of the present analysis.
The parameters used for this fitting are tabulated in Table 4.3. . . .
The dependence of the total densities of VBL and CBL electronic
states, nypr, and ncpp, respectively, on the conduction band tail
breadth, 7¢, for the case of PECVD a-Si:H. vy is determined assum-
ing the validity of the linear least-squares fit relationship between
v and e, i.e., Eq. (4.11). All DOS modeling parameters are set to
their PECVD a-Si:H values, i.e., the values set in Table 4.5. Results
corresponding to the range of v¢ specified in Figure 4.7 are indicated
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dotted lines. . . . . . . .
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4.21 The imaginary part of the dielectric function corresponding to PECVD
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4.24

a-Si:H. The experimental data of Jackson et al. [49] is depicted
with the solid points. The calculated result with Jy..(Aw) taken
into account, for the specific case of Fy, = Eyt — 0.1 eV and
FEc, = Eqt + 0.1 eV, is shown with the solid line and indicated
with an arrow. The calculated result corresponding to the case of
Jirac(Aw) set to unity, i.e., a low mobility gap, is also depicted with
the solid line and the arrow. The PECVD a-Si:H DOS modeling
parameters are set to the values assigned in Table 4.6. . . . . . . . .
The index of refraction, n, of a PECVD a-Si:H sample. The ex-
perimental data, depicted with the solid points, is from Klazes et
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O’Leary [B7]. . . . . . o o
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Three experimental PECVD a-Si:H optical absorption data sets,
from Cody et al. [12], Remes [58], and Viturro and Weiser [59],
are depicted with the solid points, the upward triangles, and the
downward triangles, respectively. The fit to these data sets are
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4.29 The determination of the breadth of the optical absorption tail for
a number of different ranges of optical absorption. The PECVD
a-Si:H experimental data, depicted with the open points, is from
Remes [58]. The linear least-squares fit of Eq. (4.15) to this exper-
imental data are taken over the ranges 1 x 107! em™ < a(fw) <
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with the light solid lines. The E, values found, for fits 1, 2, 3,
4, and 5, are 187 9 meV, 52 + 3 meV, 43 £ 2 meV, 67 + 2 meV,
and 119 + 3 meV, respectively. The upper bound result, depicted
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selections Nyo = 2.38 x 1022 cm3eV—3/2, By = 0.00 eV, Ec = 1.66
eV, 7w = 43 meV, and e = 27 meV. This fit is also depicted with

a light dotted line. . . . . . . . . ... .. ... ... ...,
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4.30
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The dependence of E, on «. The data points, depicted with the
open points, correspond to the fit of Eq. (4.15) to the experimental
data for various ranges of optical absorption. Results corresponding
to the representative fits depicted in Figure 4.29 are shown with
the asterisk points, the corresponding error bars being explicitly
shown for these particular points. The evaluation of Eq. (4.18),
for the case of the upper bound result, i.e., for the DOS modeling
parameter selections Nyo = Neo = 2.0 x 1022 cm™3eV=3/2, By = 0.0
eV, Ec = 1.5 eV, 7y = 60 meV, and v¢ = 27 meV, is shown with
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lower bound result, i.e., for the DOS modeling parameter selections
Nyo = Neo = 4.0 x 10?2 em3eV=3/2 By = 0.0 eV, Ec = 1.9 eV,
v = 40 meV, and ¢ = 27 meV, is also shown with a heavy solid
line. The evaluation of Eq. (4.18), for the case of this fit with
the experimental results of Remes [58], i.e., for the DOS modeling
parameter selections Nyo = Neo = 2.38 x 10?2 cm eV —3/2, By =
0.0 eV, Ec =1.66 eV, 7w = 43 meV, and ¢ = 27 meV, is shown
with the dotted line. . . . . . . ... ... .. oo
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1. INTRODUCTION

The development of the first transistor in 1947 spawned a revolution in elec-
tronic technologies that continues today. In contemporary society, the transistor is
ubiquitous. Electron devices, employed in all aspects of modern life, are comprised
of billions of transistors. These devices are found in our communication systems,
our information processing systems, our automobiles, and our homes. In order
for the transistor to become the backbone of the electronics age, as it is today, a
detailed and quantitative understanding of the material properties of the materials
found within transistors was necessary. This continues to be the case today, as new
generations of electron devices are designed and put into production. As transis-
tors are fabricated from conductors, insulators, and semiconductors, interest in the
material properties of these materials remains intense. This seems likely to remain
to be the case for the foreseeable future.

Progress in conventional electronics is usually achieved by making the con-
stituent transistors within electron devices faster, smaller, cheaper, and more re-
liable. There are, however, electron devices that require larger size in order to be
useful. Solar cells, displays, scanners, and digital x-ray imagers are all examples
of large area electron devices. While the focus in conventional electronics is on
sub-micron device features, in large area electronics, the focus instead is on the
deposition of electronic materials over substrates of the order of a square-meter.
Unfortunately, crystalline silicon (c-Si), the workhorse of conventional electronics,
can not be deposited over such large areas; at present, the largest commercially

available c-Si wafers are 30 cm in diameter, and are very expensive. As a result,



alternate electronic materials must be employed instead in order to fabricate large
area electron devices.

Typically, large area electron devices are deposited as thin-films over a sub-
strate. While the exact means of preparation and the particular substrate em-
ployed can vary, all deposition techniques used in large area electronics focus on
producing thin-films uniformly and inexpensively over large areas. As the deposi-
tion processes used in the fabrication of large area electron devices are distinct from
those employed in conventional electronics, it is found that the properties of the
resultant materials are different as well. While conventional electronics is primarily
built upon ¢-Si, in large area electronics, polycrystalline and amorphous materials
are found. While the atoms within ¢-Si are periodically distributed throughout its
volume, in polycrystalline and amorphous materials, disorder is present within the
distribution of atoms. In a polycrystalline material, small crystalline regions, re-
ferred to as grains, are randomly arranged throughout the volume, the crystalline
order within each grain being abruptly interrupted by the grain boundary. In an
amorphous material, however, no residual crystalline order remains, variations in
the bonding lengths and bonding angles being present at all length scales; this
is not to say that the distribution of atoms within an amorphous semiconductor
is completely without order, as many amorphous semiconductors, such as amor-
phous silicon (a-Si), retain a short-range order similar to that found within their
crystalline counterparts, i.e., the nearest neighbor bond lengths and bond angles
found within a-Si are similar to those found within ¢-Si. The nature of the disorder

present within these disordered materials is further discussed in Chapter 2.



Large area electronics, as this field is now referred to as, is a growing component
of the overall electronics industry. Initially, large area electronics started as a
niche field, with limited applications in consumer electronic products. An early
application for a-Si, for example, was as a solar cell for solar powered calculators.
In 1990, however, the a-Si based thin-film transistor was commercialized, allowing
for the development of the flat panel display. This has dramatically increased
the market share for large area electron devices. In Figure 1.1, for example, the
market share only for flat panel displays is plotted as a function of year [1]. For
the purposes of comparison, this plot is contrasted with that corresponding to the
entire market for all semiconductor-based products; this forms an upper bound to
the other plot, of course. It is clear that the sales of flat panel displays has made
large area electronics a significant player within the overall electronics field.

The applications of large area electron devices are quite numerous today. In
addition to flat panel displays, large area electronic products are found in scan-
ners [2], solar cells [3, 4], and digital x-ray image detectors [5, 6]. The solar cell
application, while relatively minor today, is expected to become significant in the
near future, as a number of forms of thin-film silicon compete for their share of the
overall photovoltaics market; at present, ¢-Si is still the dominant material being
used in solar cells, the efficiency of such cells being greater than those of their
thin-film silicon counterparts. New applications for large area electronic products
are being developed with each passing year. Accordingly, interest in the material
properties of the materials used in large area electronics remains intense.

One of the triumphs of physics during the 20" Century was the development

of theoretical tools for the quantitative description of the material properties of
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crystalline materials. Building upon the periodic order characteristic of a crystal,
techniques, of great precision, were developed in order to determine the properties
of these crystals. The physical interpretations engendered were ultimately found to
be correct through a detailed comparison with the results of experiment. Unfortu-
nately, disordered materials, such as those found within large area electron devices,
are not amenable to these theoretical techniques. Accordingly, alternate means of
understanding the corresponding material properties must be sought. While some
work has been performed on understanding the role that disorder plays in influ-
encing the properties of disordered materials, this understanding is rudimentary
when contrasted with that of crystalline semiconductors. It is the aim of this the-
sis to develop means whereby the material properties of disordered materials may
be better understood. For the purposes of this thesis, the focus is on the optical

properties of the materials employed for large area electronics.

1.1 The role that disorder plays in shaping the distribution of elec-

tronic states

The disorder that is present within polycrystalline and amorphous semiconduc-
tors plays an important role in altering the corresponding distribution of electronic
states. In a defect-free crystalline semiconductor, the distribution of electronic
states terminates abruptly at the valence band and conduction band band edges,
Ey and Eg, respectively. In contrast, in a disordered semiconductor, tails of elec-
tronic states encroach into the otherwise empty gap region [7, 8]. The exact form
of the tail states is critically influenced by the exact nature of the disorder that is

present. It should be noted that tail states are present, even in ‘ideal’ disordered



semiconductors, i.e., disordered semiconductors for which all bonds are satisfied,
the disorder arising as a consequence of variations in the bond lengths and bond
angles; this type of disorder may be referred to as intrinsic disorder. For real disor-
dered semiconductors, in addition to these variations in the bond lengths and bond
angles, there are dangling bonds, vacancies, and other forms of disorder present;
this type of disorder is sometimes referred as extrinsic disorder. These non-ideal
defects that are present will typically lead to electronic states deep within the gap
region. Thus, a distribution of deep electronic states occurs. The contrast between
the distribution of electronic states associated with a hypothetical crystalline semi-
conductor and its disordered counterpart is depicted in Figure 1.2 [9].

The disorder that is present within a disordered semiconductor also has the po-
tential to change the character of the electronic states. In a defect-free crystalline
semiconductor, the electron wave function associated with each of the electronic
states extends throughout the entire semiconductor. In a disordered semiconduc-
tor, however, analysis indicates that the disorder that is present may also lead
to the localization of many of the electronic states within the tails in the distri-
bution of electronic states. That is, the electron wave function associated with
each localized electronic state is only present within a localized region of the vol-
ume. Electrons within localized electronic states do not contribute to conduction,
i.e., these electrons are not free to move under the action of an applied electric
field. The wave functions, corresponding to representative extended and localized
electronic states, are depicted in Figure 1.3.

In a disordered semiconductor, both localized and extended electronic states

can co-exist. Analysis has indicated that there exist two critical energies, termed
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Figure 1.3: The wave functions associated with a representative disordered system:
(a) the wave function associated with an extended electronic state; (b) the wave
function associated with a localized electronic state.



mobility edges, which separate the localized electronic states from their extended
counterparts [10]. That is, in the valence band associated with a disordered semi-
conductor, there are both valence band extended (VBE) and valence band localized
(VBL) electronic states, these states being separated by the valence band mobility
edge, Ev,. Similarly, in the conduction band associated with a disordered semi-
conductor, there are both conduction band extended (CBE) and conduction band
localized (CBL) electronic states, these states being separated by the conduction
band mobility edge, E¢,. The locations of the mobility edges depends critically
on the degree of disorder that is present. The localized tail states are responsible
for many of the unique features characteristic of a disordered semiconductor. A
distribution of electronic states, corresponding to a hypothetical disordered semi-
conductor, with valence band and conduction band mobility edges, Fvy, and E¢,,

respectively, is depicted in Figure 1.4.

1.2 Optical response

In this thesis, the primary focus of investigation centers on how light interacts
with a given material. As light passes through a material, its intensity diminishes.
Consider the case of light incident upon a material from the left. If it is assumed
that the interface between the vacuum and the material occurs at z = 0, in the
absence of reflection, the intensity of the light within the material exponentially
attenuates with the depth into the material, as shown in Figure 1.5 for various
selections of «;, i.e.,

I(z) = Iyexp(—az), (1.1)
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Figure 1.4: The distribution of electronic states associated with a hypothetical
disordered semiconductor. The ranges of energy corresponding to the VBE, VBL,
CBE, and CBL electronic states are clearly depicted. The valence band and con-
duction band mobility edges, Ev, and E¢,, respectively, are also depicted.
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where [y denotes the intensity of the light at z = 0, z representing the depth into
the material, and « being the corresponding optical absorption coefficient [11].

The optical response of a material is often characterized in terms of the opti-
cal absorption spectrum, i.e., the dependence of the optical absorption coefficient,
a, on the photon energy of the incident light, iw. While the optical absorption
spectrum associated with a defect-free ‘ideal’ crystalline semiconductor terminates
abruptly at the fundamental energy gap, in a disordered semiconductor, a tail
encroaches into the otherwise empty gap region [12]. This tail in the optical ab-
sorption spectrum, arising as a result of optical transitions involving the afore-
mentioned tail states [13, 14, 15, 16, 17, 18], is responsible for many of the unique
features characteristic of the optical response of disordered semiconductors. Ac-
cordingly, the optical absorption tail associated with disordered semiconductors
has been the subject of a number of studies [12, 18, 19, 20, 21, 22, 23].

At zero-temperature, it may be shown that the spectral dependence of the

optical absorption coefficient,
a(Iw) = D) (1), (1.2

where D?(hw) denotes the optical transition matrix element and J(hw) represents

the joint density of states (JDOS) function; this JDOS function
J(hw) = / Ny (E)Ne(E + hw)dE, (1.3)

Ny (E) being the valence band density of states (DOS) function and N¢(E) being
the conduction band DOS function, i.e., Ny(F)AE and N¢(E)AE representing
the number of valence band and conduction band electronic states, per unit vol-

ume, between energies [F, E + AFE]. As optical response is a key requirement
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for many of the device applications implemented or envisaged for polycrystalline
and amorphous semiconductors, this response has been the focus of a considerable
amount of study over the years [12, 14, 20, 24, 25, 26, 27].

The key optical functions related to a semiconductor, i.e., the imaginary part
of the dielectric function, es(fw), and the optical absorption coefficient, o(hw), are
directly related to one another. In particular, it may be shown that

allw) = s lhw), (1.4)

where c is the speed of light in a vacuum, n(hw) represents the spectral dependence
of the refractive index, and w represents the angular frequency of the light. The
determination of the spectral dependence of the real and imaginary parts of the
dielectric function, €;(hw) and es(hw), and other key optical properties, has been
a central goal of disordered semiconductor research for many years. In a defect-
free crystalline semiconductor, the thermally-induced disorder present leads to a
narrow tail in €;(Aw). In a disordered semiconductor, however, the tail exhibited
by €3(Aw) is much broader [12]. This tail in €3(fw) is responsible for many of the
unique features characteristic of the optical response of disordered semiconductors.

Unfortunately, the tails that occur in €;(hw) and «o(fuw) make the optical ab-
sorption edge associated with a disordered semiconductor difficult to define ex-
perimentally. As a consequence, a number of empirical measures for the optical
gap and the optical absorption tail breadth have been devised over the years.
While these empirical measures facilitate the quantitative analysis of the optical
absorption edge, their physical meaning has remained unclear. In particular, ex-
actly how these empirical measures associated with the optical absorption edge

are related to the underlying distribution of electronic states remains unknown.
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As measurements of the optical absorption spectrum are often used to determine
the underlying distribution of electronic states, the resolution of this ambiguity

represents a critical challenge to the development of this field.

1.3 Thesis objectives

The overall goal of this thesis is the quantitative characterization of the optical
response of amorphous semiconductors; the optical response of a polycrystalline
semiconductor is a greater challenge, as the partial retention of order complicates
matters. This goal will be pursued within the framework of an empirical model
for the DOS functions that includes VBE, VBL, CBE, and CBL electronic states.
The analysis begins with a detailed examination of the contributions to the JDOS
function attributable to the various types of optical transitions that can occur; the
empirical model for the DOS functions that is employed allows for the considera-
tion of four different types of optical transitions, (1) optical transitions from the
VBE electronic states to the CBE electronic states (VBE-CBE optical transitions),
(2) optical transitions from the VBE electronic states to the CBL electronic states
(VBE-CBL optical transitions), (3) optical transitions from the VBL electronic
states to the CBE electronic states (VBL-CBE optical transitions), and (4) optical
transitions from the VBL electronic states to the CBL electronic states (VBL-CBL
optical transitions). Then, from the insights gleaned from this JDOS analysis, the
spectral dependence of the imaginary part of the dielectric function, es(fw), and
the optical absorption coefficient, « (hw), will be evaluated. The application of

this formalism to the specific case of hydrogenated amorphous silicon (a-Si:H) pro-
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duced through plasma enhanced chemical vapor deposition (PECVD), the most
common form of amorphous semiconductor in use today, will then be pursued.
This thesis is organized in the following manner. In Chapter 2, background
material, relevant to this thesis, is presented. In particular, an empirical model for
the DOS functions, which is the key to the subsequent analysis, is presented. Then,
in Chapter 3, within the framework of this empirical model for the DOS functions,
the various contributions to the JDOS function are determined. The application of
this formalism to the specific case of PECVD a-Si:H is then presented in Chapter 4.

Finally, the conclusions of this thesis are enumerated in Chapter 5.
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2. A DENSITY OF STATES ANALYSIS

2.1 Introduction

Pioneering studies into the material properties of amorphous semiconductors
were initiated in the 1950s [28, 29]. Intensive research into these disordered semi-
conductors began in earnest shortly thereafter. Much of the fundamental research
that has occurred in this field has focused upon developing a detailed and quanti-
tative understanding of the electronic and optical responses associated with these
materials. Usually, these analyzes are cast within the framework of a model for
the distribution of electronic states. Accordingly, understanding how the electronic
states are distributed within a disordered semiconductor remains a matter of great
fundamental concern in the study of these materials.

Fundamental studies of disordered semiconductors, such as a-Si:H, represents a
true ‘frontier’ area of condensed matter physics. While solids with crystalline order
may be quantitatively characterized with great accuracy using very sophisticated
theoretical formalisms, theories that aim to predict the behavior of disordered
semiconductors remain in a comparatively primitive stage. The exact role that
the various forms of disorder play in shaping the distribution of electronic states
remains unknown. In addition, the location of the mobility edges associated with
each band, i.e., the threshold energy level that separates the extended states from
their localized counterparts, is unknown, even for the most well studied disor-
dered semiconductors. Accordingly, there are rich opportunities for research and

development within this field.
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The aim of this thesis is to enrich the understanding of the operation of amor-
phous semiconductor based devices. This will be achieved through the quantitative
modeling of the optical response of this class of materials, the optical response de-
termining the performance of many amorphous semiconductor-based devices. The
analysis starts with an empirical model for the distribution of electronic states, this
model capturing the fundamental character of amorphous semiconductors. From
this empirical model, the JDOS function is then evaluated, this function deter-
mining, in large measure, the optical response of an amorphous semiconductor.
By identifying the contributions to this JDOS function attributable to the various
types of optical transitions, insights into the optical response of this class of ma-
terials may be drawn. Through a comparison with the results of experiment, the
underlying modeling parameters may be determined. Conclusions, into the optical
response of these materials, will thus be gleaned from the results of this analysis.

In this chapter, background material for this work is provided. Initially, the
various types of solids are described. Then, the electronic configuration associ-
ated with the isolated atom, and the corresponding energy levels, are presented.
An examination into what happens to these energy levels as isolated atoms are
brought together in order to form a solid is then featured. Building upon this,
energy band diagrams, and their use in the characterization of crystalline semicon-
ductors, is then elucidated. The role that disorder plays in shaping the character
of the electronic states associated with amorphous semiconductors, and how dis-
order introduces localized electronic states, are then discussed. The free electron
model, and its corresponding distribution of electronic states, are then presented.

A number of empirical models for this distribution of electronic states are then
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reviewed. A generalized empirical model for this distribution of electronic states,
that will be employed for the purposes of this analysis of amorphous semiconduc-
tors, is then featured. Finally, this model is employed in order to determine the
density of localized valence band and conduction band electronic states.

This chapter is organized in the following manner. In Section 2.2, the various
types of solids are described. Then, in Section 2.3, the electronic configuration
associated with isolated atoms is described, the energy levels associated with these
electronic states being discussed. The examination into what happens to these
energy levels as isolated atoms are brought together in order to form a solid is
then featured in Section 2.4. In Section 2.5, energy band diagrams, and their use
in the characterization of crystalline semiconductors, is detailed. The role that
disorder plays in shaping the nature of the electronic states associated with an
amorphous semiconductor, and its role in producing localized electronic states,
are then presented in Section 2.6. The free electron model, and its corresponding
distribution of electronic states, are then presented in Section 2.7. A number of
empirical models for this distribution of electronic states are then reviewed in Sec-
tion 2.8. A generalized empirical model for this distribution of electronic states,
that will be employed for the purposes of this analysis of amorphous semiconduc-
tors, is then featured in Section 2.9. Finally, this model is employed in order to
determine the density of localized valence band and conduction band electronic

states in Section 2.10.
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2.2 Types of solids

There are three general types of solids; (1) crystalline, (2) polycrystalline, and
(3) amorphous. The differences between these solids relate to how their constituent
atoms are arranged. In a crystalline solid, the atoms are arranged in a periodic and
ordered fashion. Accordingly, the atomic distribution associated with a crystalline
semiconductor is said to possess long-range order. In a polycrystalline semicon-
ductor, however, small crystalline regions, referred to as grains, are distributed
throughout the material. Each grain, which can be thought of as a small crystal,
possesses the long-range order of its crystalline counterpart within its limited vol-
ume. This order, however, is abruptly terminated at the boundaries separating
the grains. In an amorphous solid, no residual crystalline order remains. That
is, the atoms within an amorphous solid instead are arranged in a random and
disordered fashion. The distinction between the arrangement of atoms within
crystalline, polycrystalline, and amorphous solids is conceptually illustrated in
Figure 2.1 [21, 30].

It should be noted that while there is an absence of long-range order in the
amorphous solid atomic distribution, many amorphous solids possess a form of
short-range order. That is, the nearest neighbor environment around a typical
atom within most amorphous solids is similar to that of most of the other atoms in
the material, the nearest neighbor separation distances being comparable to that
of its crystalline counterpart; this short-range order is evident in Figure 2.1. As
the electronic properties of a solid are primarily determined by the nearest neigh-
bor environment, amorphous solids share many properties with their crystalline

counterparts. In particular, it is found that many of the mechanical, optical, mag-
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Figure 2.1: The arrangement of atoms within hypothetical crystalline, polycrys-
talline, and amorphous semiconductors. This figure is from Nguyen [28].
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netic, and electronic properties of amorphous solids are similar to those exhibited

by their crystalline counterparts.

2.3 The electronic configuration of isolated atoms

Quantum mechanics forms the key cornerstone of modern chemistry. To zeroth-
order, the electronic states associated with an atom may be described using the
shell model. Within the framework of this model, the electrons associated with
an atom may be viewed as ‘orbiting’ the positivity charged nucleus; of course,
electrons do not actually ‘orbit’ a nucleus as planets orbit the Sun, but the notion
of ‘orbiting’ electrons provides an intuitive picture of the nature of the electrons
within an atom. As the electrons within these ‘orbits’ are moving about the nucleus
at a rapid rate, over a sufficient time scale, they appear as a continuum of charge
at their orbital radii. Accordingly, each electron can be viewed as forming a shell
of negative charge at the given orbital radius about the nucleus.

Quantum mechanics dictates that only certain ‘orbits’ are stable. As a result,
the electrons associated with an atom maybe thought of as only being allowed
to be present at these discrete radii, i.e., the corresponding shells are centered at
these radii. The shells associated with an electron are classified according to the
value of the principal quantum number, n, n being a positive integer. Within each
shell, there may be a number of subshells, each subshell associated with the n'"-
shell being distinguished according to the value of the orbital angular momentum
quantum number, [, where [ is an integer that is greater than or equal to zero and
less than or equal to n—1. The n'"-shell can accommodate up to 2n? electrons, the

[™_subshell of this shell accommodating up to 2(2/ + 1) electrons. The n = 1 shell,
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for example, can accommodate up to 2 electrons, both being in the [ = 0 subshell.
The n = 2 shell, however, can accommodate up to 8 electrons, 2 such electrons
being in the [ = 0 subshell, the other 6 being in the [ = 1 subshell. Shells that are
completely filled constitute the core electrons associated with an atom. Electrons
in partially filled shells are referred to as valence electrons, and the nature of the
bonding that can occur within a material is determined by such electrons.

The electronic configuration associated with an atom may be characterized by
listing the number of shells and subshells and by indicating how the electrons
occupy these shells and subshells. Typically, shells and subshells are character-
ized using a standard nomenclature. Associating the [ = 0,1,2, and 3 values of
the orbital angular momentum quantum number with the indices s,p,d, and f,
respectively, the number nl is used to identify the shell and the subshell, a su-
perscript being used to identify the occupancy of the subshell by electrons. For
the ground state, the electrons fill up all the available subshells, from the lowest
energy subshell up, until all the electrons associated with the atom are placed in
a subshell. The electronic configuration associated with the ground state of the
carbon (C) atom, for example, which has an atomic number of 6, may be succinctly
expressed as 1522522p?; this means there are 2 electrons in the first shell associated
with n = 1, there being only one subshell corresponding to the [ = 0 subshell,
2 electrons in the | = 0 subshell associated with n = 2 shell, and 2 electrons in
the [ = 1 subshell associated with n = 2 shell; this latter subshell could have ac-
commodated up to six electrons, however. The electronic configuration associated
with the ground state of silicon (Si), with an atomic number of 14, may be ex-

pressed as 1522522p53523p?. Figure 2.2 schematically illustrates the shell model of
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Figure 2.2: A schematic illustration of the shell model associated with an isolated
Si atom, with the associated energy levels being explicitly depicted. (a) The shell
model of an isolated Si atom, showing the 10 core electrons, associated with the
completely filled n = 1 and n = 2 shells, and the 4 valence electrons associated
with the 3s and 3p subshells; (b) The energy levels in the potential well of the
nucleus are also depicted schematically. The size of the nucleus has been greatly

exaggerated for the purposes of illustration.
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the isolated Si atom, the occupancy of each subshell being explicitly indicated; the
ground state is assumed. It is noted that the nucleus is comprised of 14 protons
(with a charge of +14) and 14 neutrons (no charge). There are 10 core electrons
in the completely filled n = 1 and n = 2 shells, and 4 valence electrons associated
with the 3s and 3p subshells.

An isolated atom is characterized with a discrete spectrum of electronic energy
levels. Each subshell has its own distinct electronic energy level. It is usual to
define the zero of the energy scale (known as the vacuum level) as the potential
energy of a free electron far from the atom. In Figure 2.2(b), representative discrete
energy levels corresponding to the subshells of an isolated Si atom are depicted. It
is seen that the potential energy is negative for all the electronic states associated
with an isolated Si atom, i.e., the electrons are attracted to the nucleus. It is
also noted that the potential energy gradually goes to zero as the orbital’s radius

approaches infinity, as is shown in Figure 2.2(b).

2.4 Energy levels in solids

As already mentioned, crystalline solids consist of an array of periodically dis-
tributed atoms. Si, gallium arsenide (GaAs), and most other crystalline semicon-
ductor materials, possess a diamond or zinc blende structure. In these structures,
each atom in the crystal is surrounded by four of its nearest neighbor atoms.
Hence, the discrete energy levels corresponding to the isolated atom no longer
apply. As isolated atoms are brought closer together in order to form a solid,
interactions occur between neighboring atoms. The forces of attraction and repul-

sion between these atoms finds a balance at an equilibrium interatomic spacing for
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the particular crystal being considered. In this process, important changes occur
in the electronic energy level configurations, which are responsible for the different
electronic properties of materials.

When two atoms are completely isolated from each other, so that there is no
interaction between their electron wave functions, they can have identical elec-
tronic structures. As the atoms are brought closer to each other, however, Pauli’s
exclusion principle becomes important. As the distances between the atoms de-
creases, the wave functions associated with the isolated atoms begin to overlap.
The exclusion principle mandates that no two electrons can occupy the same quan-
tum state. Thus, the discrete energy levels of the isolated atoms must split into
new levels belonging to the pair rather than to the individual atoms. In a semi-
conductor, where many atoms are brought together, closely spaced energy levels
emerge. In the limit that there are an infinite number of atoms associated with
the semiconductor, a continuum of such energy levels will arise over certain bands
of energy. These bands are referred to as energy bands and it is the occupancy of
such bands that determines the properties of these materials. That is, insulators
correspond to fully occupied bands that are separated by reasonably large energy
gaps, while conductors correspond to partially occupied bands that can overlap.
Semiconductors lie somewhere between these extremes.

Consider the electronic energy levels associated with diamond, i.e., C in the
diamond lattice structure, as a function of the interatomic spacing, a. The num-
ber of C atoms is set to N, where presumably N is a large number. When the
atoms are infinitely separated, all N C atoms will have a spectrum of energy levels

corresponding to the isolated energy levels of an isolated C atom. As the atoms are
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brought together, however, the wave functions begin to overlap and these energy
levels will broaden into bands. The 1s and 2s levels will broaden into fully occu-
pied bands with 2N electronic states each as the atoms are brought together in
order to form a solid, i.e., each atom contributes 2 electronic states and 2 electrons.
The 2p levels will also broaden into a partially occupied band with 6N electronic
states, 2N of which are occupied, i.e., each atom contributes 6 electronic states
and 2 electrons. For large interatomic spacings, the band associated with the 2p
electronic states will correspond to greater energies than that associated with the
2s electronic states. As the interatomic spacing is reduced, however, the 2s and
2p bands will merge into a partially occupied 2s-2p hybrid band, comprised of 8 N
electronic states, 4N of which are occupied. With a further reduction in the inter-
atomic spacing, the 2s-2p hybrid states will split yet again, the energy difference
between these split bands being referred to as the energy gap, E,. The formation of
the energy gap, for the case of C, is schematically illustrated in Figure 2.3 [31, 32].
The lower energy branch of the split 2s-2p hybrid band, which has 4N electronic
states, will be fully occupied at zero temperature, i.e., it will host 4V electrons. The
upper energy branch of the split 2s-2p hybrid band, which also has 4N electronic
states, will be completely unoccupied at zero temperature, i.e., it will host no
electrons. The energy gap, i.e., the difference in energy between the band edges of
the fully occupied and unoccupied bands, plays an important role in determining
the electronic properties of a semiconductor. Semiconductors with large energy
gaps act like insulators, while those with small energy gaps act as conductors.

Semiconducting materials exhibit a wide range of energy gaps. In particular, the
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Figure 2.3: The energy bands for diamond as a function of the lattice constant,
a. Isolated carbon atoms contain six electrons, which occupy the 1s, 2s, and 2p
orbitals in pairs. The energy of an electron occupying the 2s and 2p orbitals
is indicated on the figure. As the lattice constant is reduced, there is an overlap
between the electron wave functions associated with the adjacent atoms. This leads
to a splitting of the energy levels, consistent with the Pauli exclusion principle.
This splitting results in an energy band containing 2N states in the 2s band and
6N states in the 2p band, where N denotes the number of atoms in the crystal.
A further reduction in the lattice constant causes the 2s and 2p energy bands
to merge and split yet again into two bands, containing 4N states each. In this
illustration, E, denotes the energy gap. This figure is after Streetman [31]. This
particular image was borrowed from Malik [32].
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energy gap of semiconductors ranges from 0.17 eV for the case of indium antimonide

(InSb) to 6.2 eV for the case of aluminium nitride (AIN).

2.5 Energy band diagrams

It is often instructive to relate these energy bands, i.e., the range of energies
over which the electronic states are distributed, to the underlying momentum.
For a free particle, the energy and momentum may be related through classical
mechanics. That is,

E = o (2.1)
where p denotes the momentum of the particle and m represents the mass. For the

case of electrons, in the quantum domain, p = hk, where h denotes the reduced

Planck’s constant and k represents the electron wave-vector. Thus,

21.2
E= Z—k (2.2)
m

The corresponding one-dimensional relationship between the electron energy, F,
and the electron wave-vector, k, for this free particle case, is depicted in Figure 2.4.
For crystalline semiconductors, the relationship between energy and momen-
tum is more complex. The electrons within a crystalline semiconductor do not act
as free particles. Instead, they are attracted to the nuclei corresponding to the
atoms that are distributed throughout the material. Thus, the simple parabolic
relationship found previously, i.e., Eq. (2.2), does not apply. In addition, the poten-
tial that is encountered depends critically on the exact direction that the electrons
are propagating, i.e., semiconducting materials may exhibit a considerable amount

of anisotropy. As a result, in general, the three-dimensional dependence of the
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Figure 2.4: The relationship between the electron energy and the electron wave-
vector, k, for a free electron for the one-dimensional case.
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electron energy levels on the electron wave-vector, l;:, must be specified. Usually,
this dependence is only presented along critical lines of symmetry.

In an amorphous semiconductor, the disorder that is present renders the elec-
tron wave-vector, E, a poor quantum number. As a result, the band diagrams
employed for the crystalline case can not be employed. Nevertheless, as the near-
est neighbor environment of most amorphous semiconductors is similar to that of
their crystalline counterparts, it is expected that there will still be bands, of roughly
the same dimensions [33, 34]. In the silicon case, for example, the covalent bonds
between the silicon atoms within a-Si:H are similar to those found within c-Si,
with the same number of neighbors and the same average bond lengths and bond
angles. This short-range order, however, quickly gives way to the long-range disor-
der of the amorphous atomic distribution, the spatial correlation between atomic
positions decreasing rapidly beyond a few interatomic spacings. A representative

two-dimensional schematic depiction of the distribution of atoms associated with

a-Si is depicted in Figure 2.5.

2.6 Localization and the role of disorder

The disorder inherent to amorphous semiconductors has a profound influence on
the electronic and optical properties associated with these materials. Accordingly,
the properties exhibited by amorphous semiconductors, while being qualitatively
similar to those of their crystalline counterparts, are distinct. Fundamentally, in-
creased disorder leads to increased electron scattering. If the disorder is sufficiently
strong, this scattering will lead to electron localization, in which the wave func-

tion associated with an electron is confined to a small volume rather than being
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Figure 2.5: A two-dimensional schematic representation of the distribution of
atoms within a hypothetical sample of a-Si. The coordination number associated
with each Si atom within the network, i.e., the number of nearest neighbor atoms,
is depicted. The amount of disorder present within a-Si has been exaggerated for
the purposes of illustration.
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extended throughout the entire material; the wave functions associated with the
electronic states of a crystalline semiconductor are instead distributed throughout
the entire material. A representative localized wave function is contrasted with its
extended counterpart in Figure 2.6

The role that disorder plays in modifying the nature of the electronic states
within a material was first brought to light through the work of Anderson [35].
Anderson’s theory of localization, as it is now referred to as, may be intuitively
understood by considering the one-dimensional potential models depicted in Fig-
ure 2.7, one potential representing that associated with an ordered material, the
other representing a disordered material; it should be noted that while Anderson
himself never actually employed this simplistic model in order to understand the
role of disorder within disordered materials, it is nevertheless often referred to as
the Anderson model. These potentials may be thought of as describing the in-
teraction of an electron with the nuclei associated with the constituent atoms of
the material, each well representing the attraction between the electrons and these
nuclei. The breadth of the band associated with this potential structure, B, arises
as a consequence of the interactions between the atoms. For disordered materials,
however, a random potential is added onto this periodic array of potential wells,
the random fluctuations in the potential well having an average amplitude of V.
Anderson’s theory may be used to show that, when V;/B exceeds a certain critical
value, there is zero probability for an electron at any site to diffuse away. Accord-
ingly, all of the electronic states associated this material are localized, and there

is no electrical conduction.
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Figure 2.6: Localized and extended wave functions. These plots are drawn from
the author’s conception.
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The critical value of V4 /B for complete localization, i.e., for all of the electronic
states to be localized, is about three [35]. Since the band widths, B, associated
with most crystalline semiconductors are of order 5 eV, a very large disorder po-
tential, Vp, is needed in order to achieve complete localization. Studies into amor-
phous semiconductors reveal that the criterion for complete localization is usually
not met for these materials. Amorphous semiconductors, over the short-range at
least, exhibit mild variations in the bond lengths and bond angles. Nevertheless,
the strong scattering that the electrons experience as they propagate through an
amorphous semiconductor leads to a large uncertainty in the electron momentum.
Assuming incoherent scattering off each atom, through the uncertainty principle,

it may be shown that the uncertainty in the electron wave-vector,

11
— ~k, (2.3)

Ak = N R o
where Az denotes the scattering length, i.e., Ax = a,, where a, represents the
interatomic spacing. Since the uncertainty in k is of the order of k itself, £k is a
poor quantum number. That is, the electrons are being incoherently scattered off
each atomic potential. Accordingly, crystal momentum, h/;, is not conserved for
transitions within amorphous semiconductors. The loss of k-conservation for these
materials, coupled with the presence of localized electronic states, puts greater
emphasis on the spatial location of the carriers rather than on their momentum.
As has already been mentioned, a very large amount of disorder is needed in
order to localize all of the electronic states. Even when the disorder corresponding
to an amorphous semiconductor is insufficient to meet Anderson’s criterion, some

of the electronic states associated with an amorphous semiconductor are localized

and that these electronic states lie near the band edges. The center of the band is
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comprised of extended states for which there is strong scattering. The extended and
localized states are separated by mobility edges, the extended states contributing
to conduction, the localized states not. This is the essence of the standard model
for amorphous semiconductors proposed by Mott and Davis [36]. The location of
the mobility edge depends on the degree of disorder that is present, and is typically

between 100 and 500 meV from the band edges for all amorphous semiconductors.

2.7 The free electron model and the density of states

The free electron model is the simplest way to represent the electronic structure
of a solid and evaluate its corresponding distribution of electronic states. Although
this approach is not appropriate for describing all aspects of the solid state, it leads
to many correct results in a relatively straightforward manner [37]. Within the
framework of this model, the interaction of the electrons with the atomic nuclei
and with the other electrons are neglected. Thus, the electrons are treated as ‘free’
particles.

In quantum mechanics, the wave functions associated with an electron may be
described using Schrodinger’s equation. In steady-state, i.e., neglecting variations

with respect to time, this equation may be expressed as
HY = EV, (2.4)

where H denotes the Hamiltonian, ¥ represents the wave function associated with
the electron, and E is the corresponding energy level. Neglecting the spin-orbit

interaction, the one-electron Hamiltonian, in the absence of an external electro-
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magnetic field, may be expressed as

—h?
H=—V*+U(), (2.5)

2m

where U(7) denotes the potential energy for an arbitrary electron, V2 is the math-
ematical operator V-V, and m represents the electron mass. For the case of a free
electron, i.e., an electron that is not bounded, the potential energy, U(7), may be
set to zero for all 7.

For the one-dimensional case, an electron may be considered confined between
r = 0 and x = L by infinite potential barriers, as shown in Figure 2.8. The

b wave function, W, (x), associated with such an electron, represents a solution

nt
to Schrédinger’s equation, i.e., HV,(z) = E,¥,(z), where E, is the energy of
the electron orbital. Since the potential energy, U (x), is taken to be at zero,

Schrodinger’s equation for x between 0 and L may be expressed as

2 2 2
HU,(2) = 20 nd

o n(z) = —%@\If”(x) = E,V,(x), (2.6)

where p = %% denotes electron momentum, electron-electron interactions being
neglected for this one-electron equation. Since ¥, (z) is a continuous function, and
since the potential is infinite both below x = 0 and above x = L, the boundary

conditions for the wave function are ¥,,(0) = ¥,,(L) = 0. The solutions of Eq. (2.6)

U, (x) = \/% sin (W—; x) . (2.7)

Substituting Eq. (2.7) into Eq. (2.6), the energy associated with wave function

are therefore

U, (z) is seen to be

B, = % (%)2 (2.8)
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Figure 2.8: The potential energy configuration for the one-dimensional case.
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These equations correspond to standing waves with a different number of nodes
within this potential well.
In three-dimensions, Schrodinger’s equation takes the form

2

HU(r) = 2p—m\I/(r), (2.9)
= _%VQ\I;(Q (2.10)
— —;—m <%+aa—y2+%) U (r), (2.11)
— BU(r), (2.12)

where U(r) denotes the corresponding wave function. For the case of electrons
confined within a three-dimensional infinite cubic potential well, with V' = 0 inside
and V' set to oo outside, as depicted in Figure 2.9 [38], it may be shown that the

solution of Schrodinger’s equation takes the form of a standing wave, i.e.,

5/2 ™y \ . (TNy \ . (TN,
U(r) = (%) sin (TQC) sin (Ty> sin (Tz> , (2.13)

where n,, n,, and n, represent positive integers, each such integer representing the
effect of confinement in the different directions.
Substituting Eq. (2.13) into Eq. (2.12), the energy associated with wave func-

tion W(r) is seen to be

h? [ /g \2 TNy 2 TN, \ 2
Eo=o | (52) + (52) + (52) |- 2.14
om { )\ ) T\ (2.14)
It may be shown that the corresponding DOS function

V22 VE, E>0
N(E) = : (2.15)
0, E <0
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Figure 2.9: The potential energy configuration for the three-dimensional case. This
figure is after Thevaril [36].
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where N(FE)AFE represents the number of electronic states, per unit volume, be-
tween energies [E, E + A]. Eq. (2.15) is often referred to as the free electron DOS

model. It will be used in the subsequent analysis.

2.8 Empirical models for the distribution of electronic states: a review

The physics of a semiconductor may be understood, in large measure, through
knowledge of the distribution of electronic states. In a disorderless crystalline semi-
conductor, the distribution of electronic states terminates abruptly at the conduc-
tion band and valence band band edges, there being no electronic states within the
gap region between these edges. In a disordered semiconductor, however, the dis-
order inherent to the atomic distribution leads to distributions of electronic states
that encroach into the otherwise empty gap region. Research has demonstrated
that these encroaching electronic states are primarily what is responsible for the
unique properties associated with disordered semiconductors [12]. A schematic il-
lustration of the differences between the distributions of electronic states associated
with crystalline and disordered semiconductors is depicted in Figure 2.10 [39].

The disorder inherent to the disordered atomic distribution leads to the for-
mation of localized electronic states. While the electron wave functions associated
with all of the electronic states associated with a crystalline semiconductor extend
throughout the entire crystal, the localized electronic states within a disordered
semiconductor are characterized with electron wave functions that are limited in
their extent. Research has demonstrated that the localized electronic states within
a disordered semiconductor, which are located within the mobility gap region,

are separated from the extended electronic states through abrupt mobility edges,
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Figure 2.10: The distribution of electronic states associated with hypothetical
crystalline and disordered semiconductors. The distribution of electronic states
associated with a crystalline semiconductor is depicted with the dashed lines, while
that associated with the disordered semiconductor is shown with the solid lines.
While there is no true energy gap for the case of a disordered semiconductor, often
the diminished region in the distribution of electronic states is referred as the
‘pseudo-gap’ region. The states between the conduction band and valence band
mobility edges are localized while the other states are extended. The conduction
band and valence band mobility edges are depicted with the dotted lines. This
particular image was borrowed from Nguyen [37].
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one associated with the valence band, the other associated with the conduction
band [10]; see, for example, Figure 2.10. The localization of the electronic states
within a disordered semiconductor is what is commonly held responsible for many
of the unique properties associated with disordered semiconductors [10].

As was mentioned previously, in a crystalline semiconductor, the electronic
structure is usually characterized in terms of a band structure. The band structure
specifies how the energy of the electronic states varies with the crystal-momentum
wave-vector, k. In an amorphous semiconductor, however, the crystal-momentum
wave-vector, /;, is a poor quantum number, and an alternate means of character-
izing the electronic structure must be sought. Instead, the electronic structure
associated with an amorphous semiconductor is usually characterized through the
specification of the valence band and conduction band DOS functions, Ny (E) and
Nc(FE), respectively. These functions represent the number of electronic states
per unit energy, per unit volume, i.e., Ny(E)AE and N¢(F)AFE represent the
number of valence band and conduction band electronic states, between energies
[E, E + AE], per unit volume, respectively.

Empirical models for these DOS functions, Ny (E) and N¢(FE), are often used
in order to interpret the optical properties associated with these materials. These
empirical models embody experimentally observed features. Arguing that the band
states associated with an amorphous semiconductor should be distributed in a sim-
ilar manner to their crystalline counterparts, Tauc et al. [40] suggest an empirical

DOS model with square-root conduction band and valence band DOS functions.
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That is, Tauc et al. [40] suggest that

0, E> By
Ny(E) = (2.16)
NeoVE=F, < By
and
NeovE — Ec, E > Ee
Ne(E) = (2.17)
0, E < Ee

where Nyo and N¢o denote the valence band and conduction band DOS prefactors,
respectively, Ey and E¢ representing the valence band and conduction band band
edges; this essentially corresponds to the free electron model discussed earlier in
Section 2.7. Drawing upon the free electron case, if we let mj and m¢ represent
the DOS effective masses associated with the valence band and conduction band,
respectively, from the free electron model, i.e., Eq. (2.15), it may be shown that
Nyo = \/577:;L:32 and that N¢o = \/5??—:; In this model, the DOS functions,
Ny (E) and N¢(E), terminate abruptly at the valence band and conduction band
band edges, there being no electronic states within the gap region between FEy
and E¢. It should be noted, however, that while the empirical DOS model of
Tauc et al. [40] accounts for the presence of both valence band band (VBB) and
conduction band band (CBB) electronic states, it completely neglects the presence
of tail states.

While the empirical DOS model of Tauc et al. [40] forms a basis from which
the optical properties of amorphous semiconductors may be interpreted, which is
required for a complete accounting of the spectral dependence of the optical ab-
sorption coefficient, a(hw), tail states are neglected. It is generally agreed upon
that tail states arise as a consequence of the disorder present in amorphous semi-

conductors, though there are some unresolved theoretical issues. The breadth of
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the tails reflects the amount of disorder. Tiedje et al. [41] provided experimen-
tal results that suggests the presence of exponential distributions of valence band
tail (VBT) and conduction band tail (CBT) electronic states encroaching into the
otherwise empty gap region for the case of PECVD a-Si:H; it should be noted,
however, that other functional forms cannot be ruled out without experimental re-
sults of greater resolution. A range of modifications to the empirical DOS model of
Tauc et al. [40], i.e., Egs. (2.16) and (2.17), incorporating exponential distribution
of tail states, have been proposed.

In an effort to understand the spectral dependence of the optical absorption
coefficient, both above and below the energy gap, Chen et al. [42] assumed square-
root distributions of VBB and CBB states and an exponential distribution of VBT

states. That is, Chen et al. [42] assume

Nio exp (Eg;E) E> By

Ny(E) = (2.18)
NyvovEv — E, E < Ey
and
NeovVE — Ec, E > E¢
Ne(E) = (2.19)
0, E < Ec

where Ny denotes the VBT DOS prefactor and vy represents the breadth of the
VBT states, Nvo, Nco, Ev, and Ec being as defined earlier.

The empirical DOS model of Chen et al. [42] is observed to be the empirical
DOS model of Tauc et al. [40] with the valence band band distribution plus an
exponential tail added on at energies above the valence band band edge, Ey, this
exponential tail representing the distribution of VBT states. A discontinuity occurs

in the valence band DOS function, Ny (FE). This discontinuity is not physical,
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which Chen et al. [42] acknowledged, asserting that only a small error is introduced
into the resultant optical absorption spectrum through such a discontinuity; the
spectral dependence of the optical absorption coefficient is determined through a
process of integration over the valence band and conduction band DOS functions.

Another empirical DOS model was presented by Redfield [43], who assumed
flat VBB and CBB distributions and exponential VBT and CBT distributions.
That is, Redfield [43] assumes that

v

Ny(E) = (2.20)
| N E < By

[ Nz exp (EV‘E) E> By

and
Néo, E > E¢

Ne(E) = (2.21)
| Veoexp (E;f<3> . E < E.

where N, denotes the CBT DOS prefactor and ¢ represents the breadth of the
CBT states, Ev, Ec, 7v, and Ny, being as defined previously. These simplified
VBB and CBB distributions are introduced in order to ease the analysis. For
the purposes of determining the spectral dependence of the optical absorption
spectrum for photon energies below the energy gap, they will play a minor role.
Cody [28] assumed square-root distributions of VBB and CBB states and an
exponential distribution of VBT states, based on the approach presented by Chen
et al. [42], which neglects the CBT states in the empirical DOS model. Cody [28]
advocates that the square-root distribution interfaces with the exponential distri-
bution at an energy level below the VBB edge, Fy. That is, the VBB distribution
does not actually terminate, thus avoiding the discontinuity found in the empirical

DOS model of Chen et al. [42], who just grafted an exponential distribution onto
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a terminated VBB square-root distribution. Thus, it is asserted by Cody [28] that

_ Eyv—FE
Nyoy/3yvexp (32) exp (X—V) , B> By — 3w

Ny(E) = (2.22)
Nvo\/EV—E, ESEV_%’YV
and
NeoVE — Ec, E > Ec
Ne(E) = (2.23)
0, E < Ec

where Nvyo, Nco, Fv, Ec, and vy are as defined earlier.

More recently, various proposed empirical models, that capture both square-
root distributions of band states and exponential distributions of tail states, with
an abrupt interface between the two regions, have been proposed. Such models
are special cases of the empirical DOS model of Jiao et al. [44]. In this model, the

valence band DOS function
E .—E E.,—E
Nvo+/Ev — EVt exp ( VEV V) exp ( V'::V ) , B> EVt
Ny(E) = . (2.24)
NyvovEv — E, E < Eyt

and the conduction band DOS function

NeoVE — E, E > E
Ne(E) = (2.25)

Neov/Eet — B exp (’%;_fd) exp (E;—fc) . E<Eqy

where Eyt and E.¢ represent the critical points at which the exponential and

square-root distributions interface, Nyo, Nco, Ev, Ec, v, and ¢ being as defined
previously. It should be noted that Eqs. (2.24) and (2.25) require Eyt < Ey and
E.t > Ec.

It is found that the model of Cody [28], i.e., Eqgs. (2.22) and (2.23), is a special

case of the general empirical DOS model of Jiao et al. [44] for which Et = Ev— %7\;
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and E.t = Ec. The empirical DOS model of O’Leary et al. [45] is also a special
case of the general empirical DOS model of Jiao et al. [44], where the transition
in each of the DOS functions between the band regions and the tail regions is
assumed to be a smooth one, i.e., Ny(E) and N¢(E), and the derivatives of Ny (E)
and Nc¢(E), are continuous at Ey¢ and E.¢, respectively. For this particular case,
analysis shows that Fyt = By — 37v and Et = Ec + 37¢ [45]. As a result,
Egs. (2.24) and (2.25) reduce to

Nvoy/37v exp (5) exp (EX;E) , E>Ey— 3w

Ny(E) = : (2.26)
NvovVEy — E, E < By — 3
and
NeoVE — Eg, E > Ec+ 37c
Nc(FE) = (2.27)

_ E—FE
Ncoy/37cexp (5) exp ( ,YCC) , E<Ec+ i

It is noted that in the disorderless limit, i.e., v — 0 and ¢ — 0, that the
empirical DOS model of O’Leary et al. [45] reduces to the empirical DOS model of
Tauc et al. [40]. In this limit, i.e., when vy — 0, the valence band DOS function,
depicted in Eq. (2.26), terminates abruptly at the valence band band edge, Ey,
which corresponds exactly with Eq. (2.16). Similar results are also observed for
the conduction band DOS function, N¢(E). In particular, in this limit, i.e., when

ve — 0, the conduction band DOS function, Eq.(2.27), reduces to Eq. (2.17).

2.9 General empirical DOS model

The distribution of electronic states associated with a disordered semiconductor

exhibits square-root functional dependencies in the band regions and exponential
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functional dependencies in the tail regions, the tail breadth parameters, vy and
e, being reflective of the amount of disorder present in the amorphous semicon-
ductor [22]. In order to examine the impact of disorder, the sensitivity of Ny (E)
and N¢(F) to variations in 7y and 7 is examined for the empirical DOS model of
O’Leary et al. [45], i.e., Egs. (2.26) and (2.27). In Figure 2.11, the valence band
DOS function, Ny (F), is plotted for a number of selections of 4y, Nyo being set
to 2 x 1022 ecm3eV~%2 and Ey being set to 0.0 eV for all cases. We note that
in the disorderless limit, i.e., when vy — 0, that the valence band DOS function
terminates abruptly at the valence band band edge, FEy. As 7y increases from this
disorderless limit, however, an exponential tail emerges, the total number of tail
states increasing as the valence band tail breadth, vy, is increased, i.e., the distri-
bution of tail states further encroaches into the gap region. This plot is depicted
on a logarithmic scale in Figure 2.12. Similar results are also observed for the
conduction band DOS function, N¢(F), as may be seen by observing Figures 2.13
and 2.14.

For the purposes of this analysis, an empirical model for the DOS functions,
that captures basic amorphous semiconductor phenomenology, is adopted. In par-
ticular, following O’Leary [46, 47|, it is assumed that the valence band DOS func-
tion

E.

Nyor/Ev — Eyt exp ( VE;EV> exp (%) ., E>FEyt

Ny(E) = (2.28)

NyvovEv — E E < By
and that the conduction band DOS function
NcoV E — Eg, E > E.t
Nc(FE) = ) (2.29)

Ncov/Ect — Ec exp (EC;fCt> exp <E;(;EC> ., E<Eq
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Figure 2.11: The valence band DOS function, Ny (FE), corresponding to various
selections of v, Nyo being set to 2 x 102cm~2eV—3/2 and Ey being set to 0 eV
for all cases. This plot is cast on a linear scale.
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Figure 2.12: The valence band DOS function, Ny (FE), corresponding to various
selections of v, Nyo being set to 2 x 102cm~2eV—3/2 and Ey being set to 0 eV
for all cases. This plot is cast on a logarithmic scale.
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Figure 2.13: The conduction band DOS function, N¢(E), corresponding to various
selections of Yc, Neo being set to 2 x 102em eV ~%/2 and E¢ being set to 0 eV for
all cases. This plot is cast on a linear scale.

52



22

10%——

18

<« 7,=0meV

Ve =100 meV
Ve =00 meV
Ye=20meV

10 ' '
200 -150 -100 -5

Figure 2.14: The conduction band DOS function, N¢(E), corresponding to various
selections of Yc, Neo being set to 2 x 102em eV ~%/2 and E¢ being set to 0 eV for
all cases. This plot is cast on a logarithmic scale.

0

0

50

Energy (meV)

100 150 200



Table 2.1: The nominal DOS modeling parameter selections used for the purposes
of this analysis.

Valence band Conduction band
Parameter | Value Parameter | Value
Nyo (em™3eV=3/2) 1 2 x 10?2 | Neo (em™3eV—3/2) | 2 x 10%
Ey (eV) 0.0 Nc (eV) 2.0
Et Ey — %VV Eet Ec + %7(:
By, Byt Eecy Eet
v (meV) 50 e (meV) 50

where Nyo, Nco, Ev, Ec, v, Ve, Eyt, and Eq¢ are as previously defined; it is
implicitly assumed that Eyy < Evy and E.t > FEc. In order to ensure that the
DOS functions, Ny(E) and Nc¢(E), and their derivatives, are continuous at the
critical energies, Eyt and F.t, at which points the square-root and exponential
distributions interface, Eyy is set to By — 2y and Egy is set to Ec + £7¢ [45].

In Figure 2.15, the valence band and conduction band DOS functions, Nv(F)
and N¢(F), are plotted for a nominal set of DOS modeling parameter selections.
That is, the DOS modeling parameters, Nyo = Neo = 2 x 10?22 cm™3eV—3/2, By =
0.0eV, Ec =2.0eV, v =~vc=>50meV, Fyt = By — %7\/, and E.t = Ec + %'yc;
this selection of parameters is similar to that used by Jiao et al. [44] and Malik and
O’Leary [48] for the specific case of PECVD a-Si:H. These nominal DOS modeling

parameter selections are tabulated in Table 2.1.

2.10 The mobility edges

In order to account for a number of seemingly incongruous amorphous semicon-

ductor experimental observations, Cohen et al. [10] posited a fundamentally new
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Figure 2.15: The valence band and conduction band DOS functions, Nv(E) and
N¢(F), corresponding to a-Si:H, specified in Eq. (2.28) and Eq. (2.29), determined
assuming the nominal a-Si:H DOS modeling parameter selections of O’Leary [47].
These nominal DOS modeling parameter selections are tabulated in Table 2.1.
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vision for amorphous semiconductors. In particular, following up with Anderson’s
analysis [35], Cohen et al. [10] suggested that the disorder present within such
a semiconductor would lead to a distribution of electronic states that encroaches
into the otherwise empty gap region coupled with the presence of relatively sharp
mobility edges. The distribution of electronic states associated with an amor-
phous semiconductor is thus characterized by three distinct regions: (1) extended
electronic states above the conduction band mobility edge, E¢,, (2) extended elec-
tronic states below the valence band mobility edge, Ev,,, and (3) localized electronic
states between these mobility edges. The mobility edges define the mobility gap
associated such a material; the mobility gap is the energy difference between Evy,
and Fg,, i.e., the mobility gap is equal to E¢, — Ev,. The mobility of the charge
carriers within the mobility gap is much less than that within the extended states.
For the purposes of this thesis, the viewpoint of Cohen et al. [10] is adopted as
forming the fundamental basis for our analysis.

Fundamentally, the optical absorption which occurs within an amorphous semi-
conductor is determined by the number of allowed optical transitions and by the
magnitude of the optical transition matrix elements which couple the electronic
states between which these optical transitions occur [36, 45, 49, 50]; collectively,
the influence of these individual optical transition matrix elements may be treated
in terms of an overall aggregate optical transition matrix element. The JDOS
function, J(hw), provides a measure of the number of allowed optical transitions
between the occupied valence band electronic states and the unoccupied conduction
band electronic states separated by energy hw. The magnitude of the optical tran-

sition matrix elements may be determined from knowledge of the wave functions
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associated with the electronic states. The random phase analysis of Hindley [51]
asserts that the optical transition matrix elements associated with optical transi-
tions involving at most one localized electronic state are of equal magnitude, i.e.,
this includes optical transitions from a VBE electronic state to a CBE electronic
state (VBE-CBE optical transitions), optical transitions from a VBE electronic
state to a CBL electronic state (VBE-CBL optical transitions), and optical tran-
sitions from a VBL electronic state to a CBE electronic state (VBL-CBE optical
transitions). Optical transitions from a localized electronic state to another lo-
calized electronic state, i.e., optical transitions from a VBL electronic state to a
CBL electronic state (VBL-CBL optical transitions), are found to have a negligible
optical transition matrix element magnitude by comparison [50].

In order to simplify the analysis, and in the absence of experimental data to
suggest the contrary, abrupt mobility edges are assumed. That is, the presence of a
critical valence band energy, Evy,, is assumed, which separates the VBE electronic
states from their VBL counterparts. Similarly, the presence of a critical conduction
band energy, Ec,, is assumed, which separates the CBE electronic states from
their CBL counterparts. The energy difference between Fy, and Ec,, i.e., Ec, -
Ev,, a parameter often referred to as the mobility gap, occurs frequently in this
analysis, most of the dramatic changes in the functional behavior of the JDOS
results occurring in the vicinity of hw = E¢, — Evy,. In order to be concrete, Ev,
is nominally placed at Eyt and F¢, is nominally placed at F, i.e., the mobility
edges are placed at the critical energies at which the square-root and exponential
distributions interface, for all subsequent calculations, unless otherwise stated. The

locations of these mobility edges are indicated in Figure 2.16. Representative VBE-
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Figure 2.16: The valence band and conduction band DOS functions, Ny(F) and
Nc(E), with the mobility edge locations indicated. The nominal DOS modeling
parameter selections, i.e., the values set in Table 2.1, are employed for the purposes
of this analysis. The valence band and conduction band mobility edge locations,
Ey,, and E¢,, respectively, are indicated with the dotted lines and the arrows. For
the purposes of this analysis, it is assumed that vy, is equal to Fyt and that Eg¢,
is equal to E.t. The locations of the VBE, VBL, CBE, and CBL electronic sates
are indicated. Representative VBE-CBE, VBE-CBL, VBL-CBE, and VBL-CBL
optical transitions are shown with the arrows.
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CBE, VBE-CBL, VBL-CBE, and VBL-CBL optical transitions are also indicated
in this figure.

The total densities of localized electronic states are quantities that may be
readily evaluated through knowledge of the DOS functions, Nv(E) and Nc¢(E),
and the locations of the mobility edges, Ev, and E¢,. The total density of VBL

electronic states may be shown to be

nVBL(EV,u) = h Nv(E>dE, (230)

Ey,,

as all valence band electronic states with energies greater than Evy,, are localized.
The dependence of nygy, on By, is plotted in Figure 2.17, for a number of selections
of vy, all other DOS modeling parameters being set to their nominal values, i.e.,
as set in Table 2.1. For a fixed value of vy, as Ey, is increased, it is seen that the
total density of VBL electronic states, nygr, is diminished. It is also found that
for a fixed value of Evy,, as v is increased, the total density of VBL electronic
states, nypy, increases.

Similarly, the total density of CBL electronic states may be shown to be
Egc,

nesr(Eey) = / Nc(E)dE, (2.31)
as all conduction band electronic states with energies less than E¢, are localized.
The dependence of ncpr, on Eg,, is plotted in Figure 2.18, for a number of selections
of y¢. As Eg, is increased, it is seen that the total density of CBL electronic states,
ncpr, enhances. It is also found that for a fixed value of E¢,,, as 7 is increased, the
total density of CBL electronic, ncpy,, increases. Optical transitions involving these

tail states are believed to be responsible for the tail exhibited by the imaginary

part of the dielectric function, ey(fuw) [45]. The relationship between these total
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Figure 2.17: The total density of VBL electronic states, nygr, as a function of
the valence band mobility edge location, Evy,, for a number of selections of the
valence band tail breadth, vy. All other DOS modeling parameters are set to their
nominal values, i.e., the values set in Table 2.1.
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Figure 2.18: The total density of CBL electronic states, ncgr, as a function of
the conduction band mobility edge location, E¢,, for a number of selections of the
conduction band tail breadth, v¢. All other DOS modeling parameters are set to
their nominal values, i.e., the values set in Table 2.1
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densities of VBL and CBL electronic states, and the the forthcoming JDOS results,

for the specific case of PECVD a-Si:H, will be explored in Chapter 4.
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3. A JOINT DENSITY OF STATES ANALYSIS

3.1 Introduction

Amorphous semiconductors, such as PECVD a-Si:H, possess a number of re-
markable electronic properties, making them ideally suited for a wide range of large
area electron device applications. It is widely held that the disorder present within
an amorphous semiconductor produces distributions of electronic states that en-
croach into the otherwise empty gap region. These encroaching distributions of
electronic states, commonly referred to as tail states, profoundly influence the elec-
tronic character of an amorphous semiconductor. Analysis indicates that many of
the tail states associated with an amorphous semiconductor are localized by the site
disorder, and that there exist critical energies associated with each band, termed
mobility edges, which separate the localized electronic states from their extended
counterparts [10]. That is, in the valence band associated with an amorphous
semiconductor, there are both VBE and VBL electronic states, these states being
separated by the valence band mobility edge, Ev,. Similarly, in the conduction
band associated with an amorphous semiconductor, there are both CBE and CBL
electronic states, these states being separated by the conduction band mobility
edge, Ec,.

As optical response is a key requirement for many of the device applications
implemented or envisaged for such semiconductors, the optical properties of amor-
phous semiconductors have been a focus of intense interest for many years [12, 14,
20, 24, 25, 26, 27]. The optical response of an amorphous semiconductor is often

characterized in terms of the spectral dependence of the optical absorption coeffi-
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cient, o (hw), this spectrum also being referred to as the optical absorption spec-
trum. While the optical absorption spectrum associated with a defect-free ‘ideal’
semiconductor terminates abruptly at the fundamental energy gap, in an amor-
phous semiconductor, a tail encroaches into the otherwise empty gap region [12].
This tail in the optical absorption spectrum, arising as a result of optical tran-
sitions involving the aforementioned tail states [13, 14, 15, 16, 17, 18, 19], is re-
sponsible for many of the unique features characteristic of the optical response
of an amorphous semiconductor. Accordingly, the optical absorption tail associ-
ated with amorphous semiconductors has been the subject of a number of stud-
ies [12, 18, 19, 20, 21, 22, 23].

In this chapter, the spectral dependence of the imaginary part of the dielectric
function, ey(hw), is related to the valence band and conduction band DOS func-
tions, Ny(E) and N¢(FE), respectively, the spectral dependence of the imaginary
part of the dielectric function being a key optical function in the characterization
of the optical response of materials. The JDOS function, J(hw), is introduced as a
corollary. Then, a detailed examination of the JDOS integrand, and of the resul-
tant JDOS function itself, is presented. This JDOS analysis is performed within
the framework of the empirical model for the DOS functions presented in Chapter

2, i.e., the valence band DOS function

E_—F _
Nvor/By — Byt exp ( M V) exp (%) . B> By

Ny(E) = SENRER)
NyovEyv — F E < Byt
while the conduction band DOS function
NcoV'E — Ec, E > E
Ne(E) = ) (3.2)

Ncov/Ect — Ec exp <EC;fCt> exp (E;CEC> ., E<Eq
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where Nvyo, Nco, Ev, Ec, v, Ye, Eyt, and Eqt are as previously defined; recall
Egs. (2.28) and (2.29) for Ny (F) and N¢(FE), respectively. A means of determining
the spectral dependence of the contributions to the JDOS function, attributable
to the VBE-CBE, VBE-CBL, VBL-CBE, and VBL-CBL optical transitions, as a
function of the valence band and conduction band mobility edges, Ev, and Ec,,
respectively, is then provided. Numerical JDOS results are then presented, these
results being obtained using the nominal selection of DOS modeling parameters
suggested in Chapter 2. This JDOS formalism is then applied to the determina-
tion of the spectral dependence of the optical transition matrix element. Finally,
a means whereby the spectral dependence of the optical absorption coefficient,
a(hw), may be evaluated is presented.

This chapter is organized in the following manner. In Section 3.2, a relationship
between Ny (E), Nc(E), and €(hw) is developed. The JDOS function, J(hw), is
introduced as a corollary to this analysis. Then, in Section 3.3, an examination of
the spectral dependence of the JDOS integrand, and the JDOS itself, is presented.
This analysis is performed within the framework of the empirical model for the
DOS functions presented in Chapter 2, i.e., Egs. (3.1) and (3.2). In Section 3.4,
the various types of optical transitions that occur within the framework of the
empirical model for the DOS functions used for the purposes of this analysis, i.e.,
Egs. (3.1) and (3.2), are presented. In Section 3.5, means of determining the
contributions to the JDOS function attributable to the various types of optical
transitions, as a function of the valence band and conduction band mobility edges,
Evy, and Eg,, respectively, are discussed. Numerical results are then featured in

Section 3.6. This JDOS formalism is then applied in order to evaluate the spectral
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dependence of the optical transition matrix element in Section 3.7. Finally, the
spectral dependence of the optical absorption coefficient is determined in Section

3.8.

3.2 The relationship between the imaginary part of the dielectric func-

tion and the valence band and conduction band DOS functions

Fundamentally, the optical response of an amorphous semiconductor is deter-
mined by the number of allowed optical transitions and by the magnitude of the
optical transition matrix elements that couple the electronic states between which
these optical transitions occur [49, 50]. In order to quantify the nature of this
response, a relationship between the spectral dependence of the imaginary part of
the dielectric function, es(hw), and the functional dependencies of the valence band
and conduction band DOS functions, Ny (F) and N¢(E), respectively, must be es-
tablished. For the purposes of this analysis, the approach of Jackson et al. [49] is
employed. Within the framework of a one-electron perspective, Jackson et al. [49]
employ a linear response formalism in order to relate Ny (F) and N¢(E) with ea(hw)
While the analysis of Jackson et al. [49] is focused on the specific case of PECVD
a-Si:H, there is general agreement that other amorphous semiconductors should
exhibit a similar relationship between Ny (E), Nc(E), and ey(hw). This formalism
of Jackson et al. [49] continues to shape the direction of thought in this field.

Jackson et al. [49] developed a dipole operator based formalism. In this for-
malism, the rate of optical transitions between the valence band and conduction
band electronic states is dictated by the magnitude of the dipole matrix elements,

]%QV = (c|R|v), where R denotes the dipole operator, |v) being a representa-
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tive single-spin electronic state associated with the valence band, and |c) denoting
a representative single-spin electronic state associated with the conduction band.
The light is assumed to be unpolarized, so that the directional average of |7j- EC,V\Q
reduces to %R%,V, where 77 denotes the polarization vector of the incident light and
Re v represents the amplitude of the dipole matrix element, i.e., Reyv = |ﬁc,v|'
In order to simplify matters, zero-temperature statistics are assumed. That is, it
is assumed that the valence band electronic states are fully occupied and that the
conduction band electronic states are completely unoccupied. With these assump-

tions being made, Jackson et al. [49] assert that
2
€ (hw) = (%‘DQW Cz; RZ yO(Ec — By — hw), (3.3)

where ¢ denotes the electron charge, V represents the illuminated volume, and
Ey and FE¢ are the energies of the valence band and conduction band electronic
states, |v) and |c), respectively, between which optical transitions can occur. The
summation in Eq. (3.3) is taken over all single-spin electronic states associated
with the valence and conduction bands.

Introducing the aggregate dipole matrix element squared average,

ZC,V ‘RC, V‘Q(S(EC — By - hw)

R(hw)]? = , 3.4
) = = ) (3.4
it is seen that Eq. (3.3) may instead be written as
2
e2(lw) = (2mq)* 5 [R(W)]? Y (e — By — w), (3.5)

where [R(hw)]? provides for the squared average matrix element over all possi-
ble single-spin optical transitions between the valence band and conduction band

electronic states separated by the photon energy, hw.
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The expression that has been obtained for the spectral dependence of €;(fw),
i.e., Eq. (3.5), is general, and applies to both crystalline and amorphous materi-
als. In a crystalline material, crystal momentum, E, must be conserved during an
optical transition. In an amorphous semiconductor, however, the disorder present
renders k a poor quantum number, and, as a result, the k-conservation criterion
is relaxed. While Eq. (3.5) is defined over all single-spin valence band and con-
duction band electronic states, most studies on crystalline semiconductors focus
only on the E—conserving optical transitions. If it is assumed that the “overall”
optical response exhibited by an amorphous semiconductor is similar to that of
its crystalline counterpart, it seems reasonable to expect that the matrix elements
associated with the /;—conserving optical transitions (associated with a crystalline
semiconductor) will be of a greater magnitude than those associated with the non
E—conserving optical transitions (associated with an amorphous semiconductor).
If it is assumed that the difference in the magnitude of these matrix elements
scales according to the number of possible optical transitions from a given state
in the valence band, a direct comparison between the spectral dependence of the
aggregate dipole matrix element squared average, i.e., [R(hw)]2, between the case
of a crystalline semiconductor and its amorphous counterpart, may be achieved
through a process of normalization, where this normalization may be achieved by
dividing by a factor that is proportional to the ratio between the number of possi-
ble E—conserving and non E—conserving optical transitions from a given electronic
state in the valence band.

In order to make this formalism concrete, a course of analysis, paralleling that

presented by Jackson et al. [49], is presented. Thus, the cases of ¢-Si and PECVD
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a-Si:H are considered. For other materials, presumably a similar course of analysis
can be considered. Focusing on the specific case of c¢-Si, it is noted that in a
sample comprised of N atoms, the number of primitive cells is % The number of
values of crystal momentum, E, in a band, which in turn is equal to this number
of primitive cells, is therefore equal to % The total number of electronic states in
each band is 4N, i.e., 4 states per atom, 2NN of these states being of one type of
electron spin, the other 2N states being of the other type of electron spin. Thus,
for each value of E, there are 8 electronic states, 4 associated with each type of
electron spin. As spin-flips are not permitted during an optical transition, from a
given single-spin electronic state in the valence band, 4 possible optical transitions
can occur to the conduction band when k-conservation occurs. In contrast, for
the case of PECVD a-Si:H, from any given single-spin electronic state associated
with the valence band, 2N optical transitions to the conduction band can occur,
i.e., there are a total of 4N electronic states associated with the conduction band,
of which 2N will be of the same type of electron spin as the state in the valence
band. Thus, for every 4 E—conserving ¢-Si optical transitions, there are 2N PECVD
a-Si:H optical transitions; see Figure 3.1 [38]. In order to achieve a comparison
between the optical transition matrix elements associated with ¢-Si and a-Si:H,
letting pp denote the atomic density of PEVCD a-Si:H, the dipole matrix element
squared average associated with this material is renormalized by the ratio between
N and 4, where N, the number of atoms in the illuminated volume, is equal to
pA V. Thus, a normalized dipole matrix element squared average may be defined,

ie.,
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Figure 3.1: The optical transitions permitted from a given single-spin electronic
state associated with the valence band for both ¢-Si and PECVD a-Si:H. This
figure is from Thevaril [38].
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2PAV

R () = [R(rw)PPA-,

(3.6)

which should have a value that is comparable to the average value obtained by
averaging only over the E—conserving optical transitions for the case of ¢-Si. Jackson
et al. [49] showed that this normalized dipole matrix element squared average did
indeed allow for a direct comparison between matrix elements associated with c-Si
and its amorphous counterpart, PECVD a-Si:H.

With this newly defined matrix element, Eq. (3.5) may thus instead be ex-

pressed as
2
where the JDOS function can be defined as
4
J(hw) = > 6(Ee - By — hw). (3.8)

For the specific case of PECVD a-Si:H, where pp = 4.4 x 10> cm ™3, Eqgs. (3.7)

and (3.8) reduce to
€2(hw) = 4.3 x 107 R*(hw)J (hw), (3.9)

where R2(hw) is in units of A% and J(fw) is in units of cm~%eV~!. That is, the
spectral dependence of €;(hw) associated with PECVD a-Si:H is chiefly determined
by the JDOS function, J(Aw), and the normalized dipole matrix element squared
average optical transition matrix element, R?(hw), associated with the various
optical transitions that occur within PECVD a-Si:H.

The JDOS function, J(hw), provides a measure of the number of possible op-

tical transitions from the valence band electronic states to the conduction band
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electronic states separated by the photon energy, hw. For each single-spin elec-
tronic state, there are actually two electronic states, one associated with each type
of spin. Accordingly, the one-electron DOS functions, Ny(F) and N¢(F), may be

expressed as
2
Ne(B) = Z 3(E — Ec), (3.10)
and

Ny(E) = éZé(E—EV), (3.11)

respectively. The JDOS function, defined in Eq. (3.8), may thus be expressed as

an integral over the valence band and conduction band DOS functions. That is,

J(hw) = / " Ne(E)Ne(E + hw)dE. (3.12)

3.3 The spectral dependence of the JDOS integrand and the JDOS

function

In light of the critical role that the JDOS function plays in shaping the optical
response of an amorphous semiconductor, it is instructive to consider its functional
dependence. Initially, the focus of this analysis will be on the functional depen-
dence of the JDOS integrand itself, i.e., Ny(F)Nc(E + hw). Later, the functional
dependence of the JDOS function, J(Aw), evaluated by integrating this integrand
over the entire energy range set in Eq. (3.12), is examined. For the purposes of
this analysis, the empirical model for the DOS functions, i.e., Egs. (3.1) and (3.2)
for Ny(F) and N¢(E), respectively, will be used. A nominal selection of DOS
modeling parameters, these being representative of PECVD a-Si:H, will be used

for the purposes of this analysis, this selection of parameters being tabulated in
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Table 3.1: The nominal DOS modeling parameter selections used for the purposes
of this analysis.

Valence band Conduction band
Parameter | Value Parameter | Value
Nyo (em™3eV™32) | 2 x 10*? | Neo (em™3eV—/2) | 2 x 10?2
EV (GV) 0.0 EC (eV) 2.0
Eyt Ev — 57 | Ect Ec + 37c
By, Byt Eey Ect
v (meV) 50 e (meV) 50

Table 3.1. These are the same DOS modeling parameter selections as those used
in Chapter 2; recall Table 2.1.

In Figures 3.2 and 3.3, the JDOS integrand, Ny (E)N¢(E + hw), is plotted as
a function of energy, F, for two selections of photon energy, Aw, 1.7 and 2.3 eV,
respectively, for the nominal DOS modeling parameter selections specified in Ta-
ble 3.1, these photon energy selections being both below and above the nominal
energy gap considered in this analysis, i.e., 2.0 eV. For the case of Figure 3.2, it
is clear that the tails in the valence band and conduction band DOS functions
are shaping the spectral dependence of the JDOS integrand for low and high en-
ergy values. The flat region, corresponding to the intermediate energy values,
relates to the attenuating exponential associated with the valence band tail ex-
actly countervailing the rising exponential associated with the conduction band
tail; the symmetric selection of DOS modeling parameters, shown in Table 3.1,
determines this. In contrast, in Figure 3.3, the overlap between the square-root
distributions associated with valence band band and conduction band band DOS
functions determines the functional form of the JDOS function, the exponential

functions playing a lesser role at the higher and lower energy values. It is noted
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Figure 3.2: The JDOS integrand, Ny(E)Nc(E + hw), as a function of energy, E,
for the photon energy, hw, set to 1.7 eV. The nominal DOS modeling parameter
selections, specified in Table 3.1, are used for the purposes of this analysis. This
plot is cast on a linear scale.
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Figure 3.3: The JDOS integrand, Ny (E)Nc(E + hw), as a function of energy, E,
for the photon energy, hw, set to 2.3 eV. The nominal DOS modeling parameter
selections, specified in Table 3.1, are used for the purposes of this analysis. This
plot is cast on a linear scale.
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that the JDOS integrand values for this case are much greater, i.e., 3 to 4 orders of
magnitude greater, than those associated with the case of hw set to 1.7 eV. The de-
pendence of the JDOS integrand, Ny (E)N¢(E+hw), on fw is further illustrated in
Figure 3.4, in which JDOS integrands, corresponding to a variety of hw selections,
are contrasted, all DOS modeling parameters being set as stipulated in Table 3.1.
Clearly, the larger hw, the more overlap between the states, and thus, the greater
the JDOS integrand, Ny(E)N¢(E + hw), i.e., the more optical transitions.

In Figure 3.5, the resultant JDOS function is depicted, this being determined
through numerical integration, i.e., Eq. (3.12). As before, the nominal DOS mod-
eling parameter selections, specified in Table 3.1, are employed for the purposes
of this analysis. It is seen that the JDOS function exhibit a parabolic functional
dependence for values of Aw in excess of the energy gap. However, a tail in the
JDOS function is observed for values of hw below the energy gap. The nature of
this tail in the JDOS function becomes particularly evident when the JDOS func-
tion is instead cast on a logarithmic scale, as is shown in Figure 3.6. It is seen that
this tail exhibits an exponential functional dependence for these photon energies.

Variations in the breadths of the valence band and conduction band tails, Vv
and 7¢, play a dramatic role in influencing the spectral dependence of the JDOS
function. Consider Figures 3.7 and 3.8, in which the JDOS function, correspond-
ing to a subset of the nominal DOS modeling parameter selections tabulated in
Table 3.1, is shown for a number of selections of v, where 7 = vy = 7. It is clear
that the greater the breadth of the tails in the valence band and conduction band
DOS functions, the greater the breadth of the tail in the JDOS function. Clearly,

the tails in the DOS functions are determining the nature of the tail in J(fw). This
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Figure 3.4: The JDOS integrand, Ny(E)Nc(E + hw), as a function of energy, E,
for a number of photon energies, i.e., hw set to 1.7, 1.9, 2.1, and 2.3 eV. The
nominal DOS modeling parameter selections, specified in Table 3.1, are used for
the purposes of this analysis. This plot is cast on a logarithmic scale.
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Figure 3.5: The JDOS function, J, as a function of the photon energy, Aw. The
nominal DOS modeling parameter selections, specified in Table 3.1, are used for
the purposes of this analysis. This plot is cast on a linear scale.
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nominal DOS modeling parameter selections, specified in Table 3.1, are used for
the purposes of this analysis. This plot is cast on a logarithmic scale.
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Figure 3.7: The JDOS function, J, as a function of the photon energy, hw, for
a number of selections of v, where v = 7y = 7¢. The nominal DOS modeling
parameter selections, specified in Table 3.1, with the exception of vy and ~c¢, are
used for the purposes of this analysis. This plot is cast on a linear scale.
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Figure 3.8: The JDOS function, J, as a function of the photon energy, hw, for
a number of selections of v, where v = 7y = 7¢. The nominal DOS modeling
parameter selections, specified in Table 3.1, with the exception of vy and ~c¢, are
used for the purposes of this analysis. This plot is cast on a logarithmic scale.
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dependence arises as a consequence of the fact that with greater 7y and 7 there
are now more states available for optical transitions to occur. As the breadths of
the valence band and conduction band tails, vy and ~¢, are directly related to the
amount of disorder that is present, it is clear that the tail exhibited by the JDOS
function, J(fw), is also determined by the amount of disorder that is present.
Finally, an analytical expression for the JDOS function is determined for the
special case for which the tail states are neglected in the underlying DOS functions,

Ny (FE) and N¢(FE); this is mainly done for reasons of analytical simplicity. Letting

0, E> By
Ne(E) = | (3.13)
NyovEy —E, E < Ey
and
NeovE — Ec, E > E¢
Ne(E) = , (3.14)
0, E < Ec

from Eq. (3.12) it may be shown that

. NyoNeoZ (hw — Eg)?, hw > Eg -
J(hw) = , 3.15
0, hw < Eg

where Fg = Ec — Ey denotes the energy gap. The resultant JDOS function,
J(hw), is contrasted with that obtained using numerical integration, in Figures 3.9
and 3.10 for the nominal DOS modeling parameters tabulated in Table 3.1. It is
seen that the results are virtually indistinguishable for photon energies well above
the energy gap, Fg.

This particular analytical expression, i.e., Eq. (3.15), plays an important in the
analysis of the optical properties associated with amorphous semiconductors. In

particular, the model of Tauc et al. [52], the most common means whereby the
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Figure 3.9: The JDOS function, J, as a function of the photon energy, hw. The
exact result with band tails taken into account, i.e., v = ¢ =50 meV, determined
through numerical integration, i.e., Eq. (3.12), depicted with the solid line, is
contrasted with the analytical result, Eq. (3.15), which is depicted with the dashed
line. The nominal DOS modeling parameter selections, specified in Table 3.1, are
used for the purposes of this analysis. This plot is cast on a linear scale.
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Figure 3.10: The JDOS function, J, as a function of the photon energy, hw. The
exact result with band tails taken into account, i.e., v = ¢ =50 meV, determined
through numerical integration, i.e., Eq. (3.12), depicted with the solid line, is
contrasted with the analytical result, Eq. (3.15), which is depicted with the dashed
line. The nominal DOS modeling parameter selections, specified in Table 3.1, are
used for the purposes of this analysis. This plot is cast on a logarithmic scale.
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optical gap associated with an amorphous semiconductor is determined, is based
upon it. Specifically, it is noted that the square-root of Eq. (3.15) leads to a linear
functional dependence for /J(fw) that terminates abruptly at the energy gap,

ie.,

VNvoNeo T (hw — Eg), hw > Eg

T(hw) = . (3.16)
0, hw < Eg

This suggests that by taking the square-root of the JDOS function, or some func-
tion which is proportional to the JDOS function, the linear functional dependence
that results may be extrapolated to the abscissa axis in order to obtain an energy
gap. For cases for which tail states are present, i.e., either 4y or ¢, or both,
are non-zero, the JDOS function will not terminate exactly at this energy gap.
Consider Figure 3.11, in which the functional dependence of the square-root of
the JDOS function, i.e., y/J(hw), is plotted as a function of the photon energy,
hw, for the nominal DOS modeling parameters specified in Table 3.1. It is noted

" obtained at the point of intersection of the linear

that the “effective energy gap,’
extrapolation and the abscissa axis, 1.98 eV, while close the actual energy gap,
2.0 eV, is not exactly equal to it. It is clear that the presence of a tail in the JDOS
function is influencing the obtained “effective energy gap.”

In order to gauge how the breadth of the valence band and conduction band
tail breadth selections, i.e., 7y and ¢, are influencing the determination of the
“effective energy gap,” in Figure 3.12, the square-root of the JDOS function, i.e.,

J(hw), is plotted as a function of the photon energy, hw, for a number of se-
lections of v, where v = vy = ¢, all other DOS modeling parameter selections

being set to their nominal parameter selections specified in Table 3.1; these plots

correspond to the same plots that are depicted in Figures 3.7 and 3.8, although
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Figure 3.11: The square-root of the JDOS function as a function of the photon
energy, hw, for the nominal DOS modeling parameter selections specified in Ta-
ble 3.1. A linear extrapolation to the abscissa axis, and the resultant “effective
energy gap,” are also depicted. This plot is cast on a linear scale.
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Figure 3.12: The square-root of the JDOS function as a function of the photon
energy, hw, for a number of selections of v, where v = 4 = 7¢. The nominal
DOS modeling parameter selections, specified in Table 3.1, with the exception of
~vv and 7, are used for the purposes of this analysis. The linear extrapolations
to the abscissa axis, and the resultant “effective energy gaps,” are also depicted.

This plot is cast on a linear scale. o7



now it is the square-root of the JDOS function that is plotted as a function of
the photon energy, hw, as opposed to the actual JDOS function itself. Each plot
exhibits a seemingly linear functional dependence at high photon energies. FEx-
trapolating these linear dependencies to the abscissa axis, and defining the points
of intersection with the abscissa axis as the “effective energy gap,” it is seen that
as the disorder is increased, i.e., as 7y is increased, that the “effective energy gap”
reduces, even though the actual energy gap remains fixed at 2.0 eV. This approach
to determining the energy gap is often used, the resultant energy gap often being

referred to as the Tauc optical gap. Its use is further discussed in the literature.

3.4 The various types of optical transitions

It has been shown that ey(hw) is critically dependent upon the spectral de-
pendence of the JDOS function, J(hw). Variations in the spectral dependence of
the normalized dipole matrix element squared average, :?(hw), also play a role
in shaping es(hw). The matrix element that couples the electronic states between
which optical transitions occur is dependent upon the nature of these electronic
states. The random phase analysis of Hindley [51] asserts that the optical tran-
sition matrix elements associated with optical transitions involving at most one
localized electronic state are of equal magnitude, i.e., this includes optical transi-
tions from a VBE electronic state to a CBE electronic state (VBE-CBE optical
transitions), optical transitions from a VBE electronic state to a CBL electronic
state (VBE-CBL optical transitions), and optical transitions from a VBL electronic
state to a CBE electronic state (VBL-CBE optical transitions). Optical transitions

from a localized electronic state to another localized electronic state, i.e., optical
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transitions from a VBL electronic state to a CBL electronic state (VBL-CBL op-
tical transitions), are found to have a negligible optical transition matrix element
magnitude by comparison [50].

The random phase analysis of Hindley [51] is merely one of a variety of dif-
ferent models that could be employed in order to determine the magnitude of the
normalized dipole matrix element squared average associated with an amorphous
semiconductor. The fact that the optical transition matrix elements depend upon
the nature of the electronic states between which the optical transitions occur, i.e.,
whether they are localized or extended, suggests that there may be a considerable
benefit accrued as a result of identifying the individual contributions to the JDOS
function attributable to the various types of optical transitions that occur. Within
the framework of the empirical DOS model, i.e, Egs. (3.1) and (3.2) for Ny(E)
and N¢(FE), respectively, there are four different types of optical transitions that
are possible in an amorphous semiconductor, i.e., VBE-CBE, VBE-CBL, VBL-
CBE, and VBL-CBL optical transitions; recall Figure 2.16. The determination of
the contributions to the JDOS function attributable to these four types of optical
transitions will be the focus of the next section.

The exact locations of the valence band and conduction band mobility edges,
Ey, and FEg,, respectively, which separate the extended electronic states from
their localized counterparts, remain unknown, even for the most widely studied
amorphous semiconductors. In the interests of making this analysis concrete, Evy,
is nominally set to Ey¢ and E¢, is nominally set to Et, i.e., the mobility edges are

nominally set to the critical energies that separate the square-root distributions
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from the exponential distributions. The sensitivity of the results to variations in

the selection of Evy, and F¢, will be studied later.

3.5 Means of evaluating the contributions to the JDOS function at-

tributable to the various types of optical transitions

In order to understand how the various types of optical transitions contribute to
the JDOS function, it is instructive to study the JDOS integrand, Ny (E)Nc(E +
hw). In Figures 3.13 and 3.14, the factors in the JDOS integrand, Ny (FE) and
Nc(E + hw), are plotted as functions of energy, E, for two different selections of
hw, 1.7 and 2.3 eV, Figure 3.13 corresponding to the case of hw being set to 1.7 eV,
ie., hw < E¢, — Ev,, and Figure 3.14 corresponding to the case of hw being set to
2.3 eV, ie., hw > E¢, — Ev,. For both Figures 3.13 and 3.14, the DOS modeling
parameters are set to their nominal values, i.e., the values set in Table 3.1, with
Evy,, set to Ey¢ and Ec, set to E.

The spectral dependence of JDOS integrand, Ny (E)N¢(E + Aw), for the cases
of hw set to 1.7 and 2.3 eV, are shown in Figures 3.15 and 3.16, respectively. As
with Figures 3.13 and 3.14, the DOS modeling parameters are set to their nominal
values, i.e., the values set in Table 3.1, for both Figures 3.15 and 3.16, with Evy,, set
to Eyt and E¢,, set to Et for all cases. For the case of fw set to 1.7 eV (Figures 3.13
and 3.15), i.e., hw < E¢, — Ev,, Ev, occurs at a lower energy than E¢, — hw. As
a result, between energies Evy, and E¢, — hw, the distribution of VBL electronic
states (associated with the Ny (FE) factor in the JDOS integrand) coexists with
the distribution of CBL electronic states (associated with the N¢(E + hw) factor

in the JDOS integrand). Given that the VBL electronic states are exponentially
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Figure 3.13: The factors in the JDOS integrand, Ny(F) and N¢(E + hw), as
functions of energy, E, for the photon energy, Aw, set to 1.7 eV, all DOS model-
ing parameter selections being set to their nominal values, i.e., the values set in
Table 3.1, with FEy, set to Eyt and FE¢, set to E.;. It is noted that this case
corresponds to the condition that E¢, — hw > FEy,, ie., hw < E¢, — Ey,. The
location of energies E¢, — hw and Evy, are indicated with the light dotted lines
and the arrows. The location of the VBE, VBL, CBE, and CBL electronic states
are indicated.
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Figure 3.14: The factors in the JDOS integrand, Ny(F) and N¢(E + hw), as
functions of energy, E, for the photon energy, Aw, set to 2.3 eV, all DOS model-
ing parameter selections being set to their nominal values, i.e., the values set in
Table 3.1, with FEy, set to Eyt and FE¢, set to E.;. It is noted that this case
corresponds to the condition that Ec, — hw < FEy,, ie., hw > E¢, — Evy,. The
location of energies E¢, — hw and Evy, are indicated with the light dotted lines
and the arrows. The location of the VBE, VBL, CBE, and CBL electronic states
are indicated.
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Figure 3.15: The JDOS integrand, Ny (E)Nc(E + fw), as a function of energy, E,
for the photon energy, hw, set to 1.7 eV, all DOS modeling parameter selections
being set to their nominal values, i.e., the values set in Table 3.1, with Ey, set to
Eyt and Eg, set to Eq¢. It is noted that this case corresponds to the condition
that F¢, — hw > Ey,, ie., hw < E¢, — Ey,. The location of energies Evy, and
Ee¢,,—hw are indicated with the light dotted lines and the arrows. The region of the
JDOS integrand corresponding to the overlap of the VBE electronic states and the
CBL electronic states, this region corresponding to the contribution to the JDOS
function corresponding to the VBE-CBL optical transitions, is indicated. The re-
gion of the JDOS integrand corresponding to the overlap of the VBL electronic
states and the CBL electronic states, this region corresponding to the contribution
to the JDOS function corresponding to the VBL-CBL optical transitions, is indi-
cated. The region of the JDOS integrand corresponding to the overlap of the VBL
electronic states and the CBE electronic states, this region corresponding to the
contribution to the JDOS function corresponding to the VBL-CBE optical transi-
tions, is indicated. For this particular selection of hw, i.e., hw < E¢,, — Ev,,, there
is no overlap in the JDOS integrand between the VBE electronic states and the
CBE electronic states, i.e., the contribution to the JDOS function corresponding
to VBE-CBE optical transitions, is nil.
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Figure 3.16: The JDOS integrand, Ny (E)Nc(E + fw), as a function of energy, E,
for the photon energy, hw, set to 2.3 eV, all DOS modeling parameter selections
being set to their nominal values, i.e., the values set in Table 3.1, with Ey, set to
Eyt and Eg, set to Eq¢. It is noted that this case corresponds to the condition
that Fe, — hw < Evy,, ie., hw > E¢, — Ey,. The location of energies Evy, and
Ee¢;,—hw are indicated with the light dotted lines and the arrows. The region of the
JDOS integrand corresponding to the overlap of the VBE electronic states and the
CBE electronic states, this region corresponding to the contribution to the JDOS
function corresponding to the VBE-CBE optical transitions, is indicated. The re-
gion of the JDOS integrand corresponding to the overlap of the VBE electronic
states and the CBL electronic states, this region corresponding to the contribution
to the JDOS function corresponding to the VBE-CBL optical transitions, is indi-
cated. The region of the JDOS integrand corresponding to the overlap of the VBL
electronic states and the CBE electronic states, this region corresponding to the
contribution to the JDOS function corresponding to the VBL-CBE optical transi-
tions, is indicated. For this particular selection of fw, i.e., hw > E¢, — Ev,,, there
is no overlap in the JDOS integrand between the VBL electronic states and the
CBL electronic states, i.e., the contribution to the JDOS function corresponding
to VBL-CBL optical transitions, is nil.
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decreasing in response to increasing energy, i.e., recall Eq. (3.1), and given that the
CBL electronic states are exponentially increasing in response to increasing energy,
i.e., recall Eq. (3.2), the tail breadth associated with the VBL electronic states
being exactly the same as that associated with CBL electronic states, the JDOS
integrand, seen in Figure 3.15, is constant between energies Evy, and Ec, — hw;
recall that Fy, is set to Ey and that E¢, is set to E¢ for this analysis. For the case
of hw set to 2.3 eV (Figures 3.14 and 3.16), i.e., hw > E¢, — Ev,,, E¢, — hw occurs
at a lower energy than Ev,. As a result, the distribution of VBL electronic states
(associated with the Ny (E) factor in the JDOS integrand) never overlaps with the
distribution of CBL electronic states (associated with the N¢(E + hw) factor in
the JDOS integrand). The resultant JDOS integrand is depicted in Figure 3.16. It
is also noted that the JDOS integrand, Ny (F)Nc(FE + hw), is considerably smaller
for the case of hw set to 1.7 eV (Figure 3.15) as opposed to the case of fuw set to
2.3 eV (Figure 3.16).

The overall JDOS function, J(hw), corresponds to the integration of the JDOS
integrand, Ny (E)Nc(E + hw), over the entire energy range, i.e., from —oo to oo;
recall Eq. (3.12). For the case of fuw set to 1.7 eV, i.e., hw < E¢, — Ev,, from
Figures 3.13 and 3.15, it is clear that the contributions to the JDOS function
attributable to the VBE-CBL, VBL-CBE, and VBL-CBL optical transitions, cor-
responding to the regions of overlap in the JDOS integrand between the VBE
and CBL electronic states, the VBL and CBE electronic states, and the VBL
and CBL electronic states, respectively, denoted Jypg.cpr(fw), JyvsL-ce(fw), and
JvsrL-cBL(hw), corresponds to the integration of the JDOS integrand, Nv(E)Nc¢(E+

fw), between energies —oo and FEy,, Ec, — hw and oo, and Evy, and Ec, — hw;

95



as VBE-CBE optical transitions do not occur for the case of hw < FE¢, — Ev,,
Jvee.cBe(fw) = 0 for this case. For the case of hw set to 2.3 eV, ie., hw >
E¢, — By, from Figures 3.14 and 3.16, it is clear that the contributions to the
JDOS function attributable to the VBE-CBE, VBE-CBL, and VBL-CBE optical
transitions, corresponding to the regions of overlap in the JDOS integrand be-
tween the VBE and CBE electronic states, the VBE and CBL electronic states,
and the VBL and CBE electronic states, denoted Jypg.ce(hw), Jvee-cpr(fw), and
JveL-cBe(Aw), respectively, corresponds to the integration of the JDOS integrand,
Ny(E)N¢(E + hw), between energies E¢, — hw and Ey,, —oo and FE¢, — hw,
and Ey, and oo; as VBL-CBL optical transitions do not occur for the case of
hw > Ec, — Evy,, the contribution to the JDOS function attributable solely to
VBL-CBL optical transitions, Jypr.cpL(Aw), is nil for this case.
Summarizing these results, it is seen that
Ey,
/ Nyv(E)Nc(E + hw)dE, hw > Ec, — Evy,
Jvee-cpe(hw) = ¢ 7 FCu—ne (3.17)
0, hw < E¢, — Evy,
Eeu—hw
/ Ny(E)N¢(E + hw)dE, hw > Ec,, — Evy,

[e.e]

Jvee-cBL (fw) = (3.18)

EVM
Nv(E)Nc(E + hbd)dE, hw < EC# — EV#
Ny(E)Ne(E + hw)dE,  hw > Ecp — By,
EV,u

JVBL—CBE(EW) = . (319)
/ Ny (E)Ne(E + h)dE, hw < Eep — Ev,

EC,u,fhw
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and
07 hw 2 EC,u - EVu
JverL-cpL(Aw) = B, —hw (3.20)
/ Ny(E)Ne(E + hw)dE, hw < Ec, — By,

By,
Conservation, and Egs. (3.12), (3.17), (3.18), (3.19), and (3.20), mandate that

J(hw) = Jype.cee(fw) + Jyee.ceL(Aw) + JyvpL.cee(Aw) + Jysr.cer(fw). (3.21)

Note that the mobility gap, Ec, — Ev,, i.e., the energy difference between the
valence band and the conduction band mobility edges, serves as a key parameter
in this JDOS formalism. As will be seen shortly, many of the abrupt changes that
occur in these JDOS functions occur in the vicinity of hw = F¢, — Ev,, i.e., in the

neighborhood of the mobility gap.

3.6 Numerical JDOS results

A selection of JDOS results, corresponding to the JDOS formalism that has
been developed thus far, is now presented. In particular, the spectral depen-
dencies of J(hw), Jype-cBe(w), Jve-cBL(fiw), Jyvpr-cee(Aw), and Jypr-csr(fw),
for a number of DOS modeling parameter selections, are presented. These re-
sults are obtained through numerical integrations of the JDOS integrand, i.e.,
Ny (E)Nc(E + hw), over the prescribed energy ranges set in Eqs. (3.12), (3.17),

(3.18), (3.19), and (3.20), respectively. The spectral dependencies of the frac-

tional JDOS contributions, eecesle) - JvaecaLle) Naconle) ang Neecole)

will also be examined, these fractional JDOS contributions providing a means of
assessing the relative significance of the various types of optical transitions that

occur.
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The approach will be to first present baseline reference results, obtained by
setting the DOS modeling parameters to their nominal values, i.e., the values set
in Table 3.1, with Evy, set to Ey4 and Fg¢, set to E.t. The JDOS functions,
J, JvBE-CBE,; JVBE.CBL, JvBL-0BE, and Jygr.cpL, are plotted as functions of Aw
in Figure 3.17. It is noted that Jygg.ceg = 0 for hw < F¢, — Ey, and that
Jver-cer, = 0 for hw > F¢,— Evy,,, respectively. Owing to the symmetry in the DOS
modeling parameter selections for this particular set of parameters, i.e., Table 3.1,
Jvpe-cpL(Aw) is found to be identical to Jypr.cpe(fuw) over the entire spectrum.
This may be demonstrated to be the case by noting, for this particular selection
of DOS modeling parameters, that the JDOS integrand, Ny (E)Nc(E + hw), is
symmetrically distributed, both above E¢, — hw and below Ey, for the case of
hw < E¢, — Ev,, (recall Figure 3.15), and above Evy, and below E¢, — hw for the
case of hw > Ec, — Ey, (recall Figure 3.16); with this symmetry in the JDOS
integrand, Nv(E)Nc(E+ hw), Egs. (3.18) and (3.19) may be used in order to show
that Jygg.cer, and Jypr.ceg are coincident over the entire spectrum.

From Figure 3.17, it is noted that J(hw) and Jypg.cpe(fw), and that the co-
incident JDOS functions, Jygg.cpr and Jypr.cee, all monotonically increase in
response to increases in iw. The overall JDOS function, J(hw), increases mono-
tonically with hw as the JDOS integrand, Ny(E)N¢(E + hw), increases as fuw
increases; recall Figures 3.15 and 3.16. The monotonic increase in Jygg.cee(hw),
from zero at the mobility gap, i.e., when fw = E¢, — Ev,,, arises as a consequence
of the increases in the magnitude of the JDOS integrand, Ny(F)Nc¢(E + hw), as
hw increases, in conjunction with the increase in the energy range over which the

JDOS integrand is integrated, i.e., between E¢, — hw and Evy,; recall Eq. (3.17)
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Figure 3.17: The contributions to the JDOS function corresponding to the VBE-
CBE, VBE-CBL, VBL-CBE, and VBL-CBL optical transitions, i.e., J, JvBE.cBE,
J\/BE—CBL; JVBL—CBE; and JVBL—CBL; as functions of the phOtOIl energy, hw, all DOS
modeling parameter selections being set to their nominal values, i.e., the values set
in Table 3.1, with Evy, set to Eyt and E¢, set to E¢. The overall JDOS function,
J, is also plotted as a function of the photon energy, hw.
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for hw > F¢, — Fy, and Figure 3.16, noting that at the mobility gap itself, i.e.,
when hw = E¢, — Ev,, Ev, and E¢, — hw are coincident and the energy range of
the integration is reduced to zero, i.e., Jypg.cgg is reduced to zero. The monotonic
increase in the coincident JDOS functions, Jygg.cer, and Jygr.cBg, corresponding
to increases in Aw, occurs as a result of the increases in the magnitude of the JDOS
integrand, Ny (F)Nc(F + hw), as hw increases. Jypr.cpL exhibits a very different
functional form from the other JDOS functions, initially increasing monotonically
with increases in Aw, achieving a maximum at a certain value of Aw, and then
diminishing to zero at the mobility gap, i.e., when hw = E¢, — Ey,. There are
two countervailing effects at play. There is the natural tendency for the magnitude
of the JDOS integrand, Ny (E)Nc(E + hw), to increase in response to increases
in hw. This, however, is offset by the fact that the energy range over which the
JDOS integrand is integrated, i.e. between vy, and E¢, — hw, diminishes as hw
increases; at the mobility gap itself, i.e., when hw = E¢, — Ev,, Ev, and Ec, — hw
are coincident, and the energy range of the integration is reduced to zero, i.e.,
Jver-cBL(hw) is reduced to zero.

In order to obtain greater insight into the relative contribution of the various

types of optical transitions that occur to the overall JDOS function, the frac-

tional JDOS contributions, Seecesle) - JvaecaLle) Nacon(e) ang Neecole)

are plotted as functions of Aw in Figure 3.18, noting, from Eq. (3.21), that the

JvBE-cBE (hw)

) monotoni-

sum of these fractional JDOS functions is unity. While

cally increases from 0 as hw increases from the mobility gap, i.e., Ec, — Evy,

JvBL-CBL (fiw)

(%) monotonically increases from 0 as hw decreases from the mobil-

and

JvBE-cBL (w)

ity gap, i.e., E¢, — Ev,, the coincident fractional JDOS functions, (o)
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Figure 3.18: The fractional contributions to the JDOS function corresponding
to the VBE-CBE, VBE-CBL, VBL-CBE, and VBL-CBL optical transitions, i.e.,
m, JVLJCBL JVLJCBE, and JVLJCBL, as functions of the photon energy, hw,
all DOS modeling parameter selections being set to their nominal values, i.e., the
values set in Table 3.1, with Fy, set to Eyt and Eg, set to Et.
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J _ hw
and ZvBL cBE (lw)

Ty achieve their maxima exactly at the mobility gap, i.e., when

hw = E¢, — Evy,, i.e., these JDOS functions are continuous, the coincident frac-

tional JDOS functions, JVB‘:ZI‘&ZL)(E“) and JVBI}‘(CE%UE)(M), assuming values of % when
hw = E¢, — Evy,. It is also noted that VBE-CBE optical transitions make an in-
creasingly important contribution to the overall JDOS function as hw is increased
beyond the mobility gap, i.e., F¢, — Fy,; this fractional contribution asymptot-
ically approaches unity. Similarly, it is noted that VBL-CBL optical transitions
make an increasingly important contribution to the overall JDOS function as hw
is decreased below the mobility gap, i.e., F¢, — Fvy,; this fractional contribution
asymptotically approaches unity.

We now examine how these JDOS results change in response to variations in a
number of key DOS modeling parameter selections. The JDOS results presented
in Figures 3.17 and 3.18, corresponding to the nominal DOS modeling parameter
selections, i.e., the values set in Table 3.1, with Evy, set to Eyt and Eg, set to Et,
serve as a base line reference for this sensitivity analysis. In order to narrow the
scope of this analysis, the impact that variations in the breadths of the valence band
and conduction band tails, vy and ¢, respectively, and the impact that variations
in the locations of the mobility edges, Fv, and E¢,, have upon the results are
examined. The impact of variations in the other DOS modeling parameters, i.e.,
Nvo, Nco, Ev, Ec, Eyt, and Et, are deemed to be secondary importance, many
such variations leading to a simple scaling or shifting of the results. For each of
the cases that are examined, both the absolute and the fractional JDOS results

are presented.
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In Figure 3.19, the spectral dependence of the coincident JDOS functions,
Jvee-cpr(Aw) and Jypr.cpe(fw), for a number of selections of vy and ¢, are
plotted, i.e., for the cases of 7v = ¢ = 25 meV, vy = v¢ = 50 meV, v = ¢ =
100 meV, and v = ¢ = 200 meV. The other DOS modeling parameters are
set to their nominal values, i.e., the values set in Table 3.1, with Ey, set to Ey
and Fg¢, set to E.¢. It is noted that as 7y and 7¢ are increased, the coincident
JDOS functions, Jypg.cpr(fw) and Jypr.cpe(fw), further encroach into the gap
region. A detailed analysis indicates that the encroaching tails associated with the
coincident JDOS functions, Jypg.cpr(fw) and Jypr.cpe(fw), are exponential in
character, and that the corresponding exponential tail breadths are determined by
~v and ~yc; recall that 7y = ~¢ for the nominal DOS modeling parameter selections,
i.e., Table 3.1. The location of the mobility gap, occurring at hw = FE¢, — Ev,, is
seen to increase as vy and 7c are increased; given that Ey;, = Ey — %VV and that
Ect = Ec + 357c, i.e., recall Table 3.1, considering that Ey, is set to Ey¢ and Ec,
is set to ¢, it may be shown that E¢, — Ev, = Ec — Ey + %'VC + %7\/. Finally, it
is noted that for any fixed value of Aw, the value of the coincident JDOS functions,
Jvee.cpr(Aw) and Jypr.cee(Aw), increases with 4y and 7c.

In Figure 3.20, the spectral dependence of the coincident fractional JDOS func-

JvBL-cBE (lw
J (hw)

JvBE-cBL (w)
T(h)

tions, and ), for the same selections of vy and ¢ employed
in Figure 3.19, are plotted, the other DOS modeling parameters being set to their
nominal values, i.e., the values set in Table 3.1, with Ey, set to Ey¢ and Ec,

set to Eet. As with Figure 3.18, it is noted that the coincident fractional JDOS

JVB%»(CEEI;(HW) and JVBLJ-(C};I?(EW)

functions, , achieve their maxima of % exactly at the

mobility gap, w = E¢,—Fy,. In addition, it is found that the coincident fractional
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Figure 3.19: The contribution to the JDOS function corresponding to the VBE-
CBL and VBL-CBE optical transitions, i.e., Jygr.ceg and Jygg.cgr, as functions
of the photon energy, iw, with 7v = v¢ = 25 meV, vy = 7¢ = 50 meV, vy = y¢ =
100 meV, and vy = ¢ = 200 meV, all other DOS modeling parameters being set
to their nominal values, i.e., the values set in Table 3.1, with Fy, set to Ey¢ and
Ee, set to E.t. Note that Jypg.cer, and Jygi-cer are completely coincident over
the entire spectrum for all cases. The mobility gap, Ec, — Ev,, marked with the
arrows for the different cases, varies from case to case, F¢, — Ev, being equal to
Ec — Ey + %f + & for the case of Ey, set to Eyy and Ec, set to Egt.
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Figure 3.20: The fractional contributions to the JDOS function corresponding to
the VBE-CBL and VBL-CBE optical transitions, i.e., JVBE—J'CBL and JVBL%, as
functions of the photon energy, iw, with vy = v¢ = 25 meV, v = v¢ = 50 meV,
v = Yec = 100 meV, and 7y = v¢ = 200 meV, all other DOS modeling parameter
selections being set to their nominal values, i.e., the values set in Table 3.1, with
FEy,, set to Byt and Eg, set to E.t. Note that Jygg.cer, and Jygr.-cer are completely
coincident over the entire spectrum. The mobility gap, F¢, — Ey,, marked with
the arrows for the different cases, varies from case to case, E¢, — Ey, being equal
to Ec — Ev + 5F 4+ 1¢ for the particular case of Ey, set to Eyt and Ec, set to Egt.
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JDOS functions, %ﬁ)(w and %ﬁ]ﬁ(m), asymptotically diminish to zero as
hw is increased above the mobility gap and as hw is decreased below the mobility
gap. The rate with which these attenuations occur is seen to be a strong function
of the valence band and conduction band tail breadths, vy and 7¢, respectively.

In Figure 3.21, the spectral dependence of the coincident JDOS functions,
Jvee-ceL(fw) and Jypr-cee(fw), are plotted for a number of selections of Evy,,
and Eg,, i.e., for the cases of Ey, = Eyt — 200 meV and E¢, = E.t + 200 meV,
Ey, = Eyt — 100 meV and E¢, = Eqt + 100 meV, Fy, = Eyt and E¢, = FEct,
Ey, = Eyt + 100 meV and E¢, = E.t — 100 meV, and By, = Ey¢ + 200 meV
and F¢, = FEq — 200 meV, respectively, the other DOS modeling parameter
selections being set to their nominal values, i.e., the values set in Table 3.1.
With this particular selection of parameters, the impact of narrowing the mo-
bility gap by simultaneously increasing Fvy, and decreasing F¢, is examined, the
case of By, = Eyt — 200 meV and F¢, = Eq + 200 meV corresponding to a
wide mobility gap, i.e., Ec, — Ev, = Eqt — Eyt + 400 meV, while the case of
Ey, = Eyt + 200 meV and E¢, = E.t — 200 meV corresponding to a narrower
mobility gap, i.e., Ec, — Ev, = Eqt — Byt — 400 meV.

It is seen that as the mobility gap, Fc¢, — Fvy,, is narrowed, the contribu-
tions to the JDOS function attributable to the VBE-CBL and VBL-CBE optical
transitions, i.e., Jypg.crL and Jygr-ceg, are diminished for high Aw. In particu-
lar; for high Aw, it is seen that the magnitude of the coincident JDOS functions,
Jvee-ceL and Jygr.ceE, decreases as Ey, increases and E¢,, decreases. This occurs
as the total density of VBL electronic states decreases as Ey, increases (recall

Figure 2.17), while the total density of CBL electronic states decreases as Eg,
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Figure 3.21: The contributions to the JDOS function corresponding to the VBE-
CBL and VBL-CBE optical transitions, i.e., Jygg.cer, and Jygr-cBg, as functions
of the photon energy, hw, with Ey, = Eyt — 200 meV and E¢, = Eq¢ + 200 meV,
Ey, = Eyt — 100 meV and E¢, = Eqt + 100 meV, By, = Eyt and Ec, = Egt,
Ey, = Eyt + 100 meV and E¢, = E.t — 100 meV, and Evy, = Ey¢ + 200 meV
and F¢, = Eqt —200 meV, all other DOS modeling parameter selections being set
to their nominal values, i.e., the values set in Table 3.1. Note that Jygg.cpr, and
JveL-cBe are completely coincident over the entire spectrum. The mobility gap,
Ee¢, — Evy,,, varies from case to case.
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decreases (recall Figure 2.18), thereby diminishing Jygg.cpr, and Jygr.cpg for high
hw. The encroaching tail associated with the coincident JDOS functions, Jygg.cBL
and Jypr.ceg, are found to be exponential in character, and the corresponding
exponential tail breadths are determined by ~y and 7¢; recall that v = v¢ for
the nominal DOS modeling parameter selections, i.e., Table 3.1. Finally, it is seen
that the narrower mobility gap encroaches further into the gap region, as there is
natural tendency for the coincident JDOS functions, Jygg.cgr, and Jygr.ceg, to
position themselves with respect to the mobility gap location, E¢, — Ev,.

In Figure 3.22, the spectral dependence of the coincident fractional JDOS func-

JvBE-cBL (lw) d JvBL-CBE (lw

o an o) ), for the same selections of Ey, and E¢, employed

tions,
in Figure 3.21, is plotted. As with Figures 3.18 and 3.20, it is noted that the coinci-
dent fractional JDOS functions, %ﬁf)(m) and %ff)(m), achieve their maxima

of % exactly at the mobility gap, iw = E¢, — Ev,. In addition, it is found that the

JvBE-cBL (w) and JvBL-cBE (lw)

J(hw) T(he) asymptotically

coincident fractional JDOS functions,
diminish to zero as hw is increased above the mobility gap and as hw is decreased
below the mobility gap. The location of the mobility gap, Ec, — Ev,, is seen to

be a strong function of the Fy, and E¢, selection.

3.7 Spectral dependence of the optical transition matrix element

The spectral dependence of the normalized dipole matrix element, R*(hw),
is now evaluated. The random phase analysis of Hindley [51] suggests that the
matrix elements associated with optical transitions involving at most one localized
electronic state are all of the same order of magnitude. The matrix elements

associated with optical transitions between localized electronic states are found to
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Figure 3.22: The fractional contributions to the JDOS function corresponding
to the VBE-CBL and VBL-CBE optical transitions, i.e., JVLJCBL and JVBL%,
as functions of the photon energy, hw, with Ey, = E,i — 200 meV and E¢, =
Eqt + 200 meV, By, = Eyt — 100 meV and E¢, = Eq¢ + 100 meV, By, = Ey
and F¢, = Eot, By, = Ey¢ + 100 meV and Ec, = Eo¢ — 100 meV, and By, =
Eyt + 200 meV and E¢, = Eqt — 200 meV, all other DOS modeling parameter
selections being set to their nominal values, i.e., the values set in Table 3.1. Note
that JVB?]'CBL and J"BLJ'CBE are completely coincident over the entire spectrum. The
mobility gap, F¢, — Ev,, varies from case to case, this gap occurring when JVLJ'CBL

and JVBL% achieve their maxima, i.e., %
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be negligible by comparison. If one let R? denote the matrix element associated
with the VBE-CBE, VBE-CBL, and VBL-CBE optical transitions, and set the
matrix element associated with the VBL-CBL optical transitions to nil, then it
may be shown that

R*(hw) = RE Jiac(hw), (3.22)

where Jgac(fw) denotes the fraction of the overall JDOS function attributable
to VBE-CBE, VBE-CBL, and VBL-CBE optical transitions. A detailed analysis

shows that this fractional JDOS contribution function

hw) + Jyvee.csL(hw) + JysL-cee(Aw)
J (hw) '

Jfrac(h/w) = JVBE-CBE( (323)

As may be seen from Eq. (3.22), the spectral dependence of this fractional JDOS
contribution function, Jg..(hw), provides a means of determining the spectral de-
pendence of R?(Aw).

In Figure 3.23, the fractional JDOS contribution, Jg..(fw), is plotted as a
function of the photon energy, hw, for the nominal DOS modeling parameters
tabulated in Table 3.1. It is seen that for photon energies in excess of the mobility
gap, i.e., hw > Ec — Ey + 5F + ¢ that the fractional JDOS is unity. Below the
mobility gap, however, an abrupt decrease in Jg,.(fiw) is observed. This decrease
is related to the increasingly important role that VBL-CBL optical transitions play
in determining the JDOS function, J(fw), VBL-CBL contributions taking away
from the magnitude of Jya(Aw).

In Figure 3.24, the spectral dependence of the fractional JDOS contribution,
Jirac(hw), is plotted as a function of the photon energy, hw, for a number of selec-

tions of vy and ¢, i.e., for the cases of v = v¢ = 25 meV, 7v = v¢ = 50 meV,
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Figure 3.23: The fractional contribution to the JDOS function, Jg.., as defined in
Eq. (3.23), as a function of the photon energy, hw. All DOS modeling parameters
are set to their nominal values, i.e., the values set in Table 3.1, with Ey, set to
Ey¢ and Ec, set to E.
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Figure 3.24: The fractional contributions to the JDOS function, Jg..., as defined
in Eq. (3.23), as a function of the photon energy, hw, for a number of selections
of 7w and ~¢, i.e., for the cases of 7w = ¢ = 25 meV, 7w = 7 = 50 meV,
v = Yec = 100 meV, and v = v¢ = 200 meV. All DOS modeling parameters are
set to their nominal values, i.e., the value set in Table 3.1, with Ey, set to Ey
and Fg, set to Fgy.
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v = 7c = 100 meV, and vy = v = 200 meV. The other DOS modeling param-
eters are set to their nominal values, i.e., the values set in Table 3.1, with Ey,
set to Fyt and Fgc, set to E¢. It is noted that as v and 7¢ are increased, the
location of the mobility gap, Ec, — Ev, = Ec — Ey + & + £, increases, as in
seen in Figure 3.24. Below the mobility gap, the rate of decrease in the fractional
JDOS contribution corresponding to decreased values of hw is found to be a strong
function of vy and ~c. It is also observed that when the photon energy, Aw, is set
exactly to the energy gap, Ec — Evy, all the plots coincide. The reasons for this
remain unknown at the present time.

In Figure 3.25, the spectral dependence of the fractional JDOS contribution,
Jiac(Aw), is plotted as a function of the photon energy, hw, for a number of
selections of Evy, and Eg,, ie., for the cases of Ey, = Eyt — 200 meV and
Ec¢, = Eot + 200 meV, By, = Eyt — 100 meV, and E¢, = Eqt + 100 meV,
Ev, = Eyt and E¢, = E¢t, Ev, = Eyt+100 meV and E¢, = E.t — 100 meV, and
Ey, = Eyt + 200 meV and E¢, = E.t — 200 meV, respectively, the other DOS
modeling parameter selections being set to their nominal values, i.e., the values set
in Table 3.1. With this particular selection of parameters, the impact of narrowing
the mobility gap by simultaneously increasing Ev, and decreasing E¢, is exam-
ined, the case of Fy, = Eyt — 200 meV and E¢, = Et + 200 meV corresponding
to a wide mobility gap, i.e., Ec, — FEyv, = Eqt — Eyt + 400 meV, while the case
of Ey, = FEyt + 200 meV and FE¢, = E.t — 200 meV corresponding to a narrower
mobility gap, i.e., F¢, — Ev, = Eqt — Ey¢ — 400 meV. It is noted that in all cases
the fractional JDOS function, Je..(Aw), is unity for photon energies greater than

or equal to the mobility gap, Ec, — Ev,. The rate of decrease, seen below the
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Figure 3.25: The fractional contributions to the JDOS function, Jg.,c, as defined in
Eq. (3.23), as a function of the photon energy, fw, for a number of selection of Ey,
and Fc,,, i.e., for the cases of Ey, = Eyt — 200 meV and F¢, = Eq + 200 meV,
Ey, = Eyt — 100 meV, and Ec, = Eq + 100 meV, Ey, = Eyt and E¢, = Ect,
Ev, = Eyt +100 meV and E¢, = Eqt — 100 meV, and Ey, = Eyt +200 meV and
Ec,, = Ect —200 meV, respectively. The other DOS modeling parameter selections
are set to their nominal values, i.e., the values set in Table 3.1.
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mobility gap, corresponding to decreases in the photon energy, hw, is seen to be
similar in all cases.

The spectral dependence of R?(fiw) is now plotted as a function of the photon
energy, hw. The experimental results of Jackson et al. [49], performed on PECVD
a-Si:H, suggest that R? ~ 10 A2 it should be noted, however, that there is some
uncertainty associated with this value, as there is with any experimentally deter-
mined value. For the nominal DOS modeling parameters tabulated in Table 3.1,
for By, set to Fyt and Fc, set to Egt, with R2 set to 10 A2, the resultant spectral
dependence of the normalized optical transition matrix element squared average,
R?(hw), is depicted in Figure 3.26. It is seen that R?(fw) is directly proportional
t0 Jirac(Aw).

Finally, using Eq. (3.9), the spectral dependence of the imaginary part of the
dielectric function, €;(fw), is evaluated. For the spectral dependence of R*(hw)
as shown in Figure 3.26, the resultant spectral dependence of e3(hw) is shown in
Figure 3.27. The DOS modeling parameters are set to their nominal values, i.e., as
specified in Table 3.1. It is seen that the spectral dependence of ey(hw) is similar
to that observed experimentally. The fitting of the results of this model with that

of experiment will be pursued in Chapter 4.

3.8 The spectral dependence of the optical absorption coefficient

Thus far, means of evaluating the spectral dependence of the imaginary part of
the dielectric function, €;(hw), have been provided. While ey(hw) is an important
optical function in the characterization of materials, the spectral dependence of

the optical absorption coefficient, a(hw), is a more common measure of the op-
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Figure 3.26: The spectral dependence of the normalized optical transition matrix
element squared average, %t%(fiw). The other DOS modeling parameter selections
are set to their nominal values, i.e., the values set in Table 3.1.
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Figure 3.27: The spectral dependence of the imaginary part of the dielectric func-
tion, e(fw). Eq. (3.9) is used for the purposes of this analysis. R?(hw) is as
specified in Figure 3.26. The other DOS modeling parameter selections are set to
their nominal values, i.e., the values set in Table 3.1.
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tical response of materials. These functions are in fact related to each other. In

particular, it may be shown that

w

a(fw) = n(hw) ¢

e2(hw), (3.24)

where n(hw) denotes the spectral dependence of the refractive index, ¢ represents
the speed of light in vacuum, and w is the angular frequency corresponding to
photons of energy Aw. A representative optical absorption spectrum is depicted in
Figure 3.28, for the nominal DOS modeling parameters tabulated in Table 3.1. For
the purposes of this analysis, n(fw) is set to V/11.7, this being the low-frequency
refractive index associated with c-Si. Eq. (3.24) will be used when this JDOS
formalism is applied to the specific case of PECVD a-Si:H. This will be seen in

Chapter 4.
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Figure 3.28: The spectral dependence of the optical absorption coefficient, a(hw).
Eq. (3.24) is employed for the purposes of this determination. This spectrum is
determined assuming the nominal DOS modeling parameters selections specified
in Table 3.1. For the purposes of this analysis, n(hw) is set to v/11.7.
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4. APPLICATION OF THE DOS AND JDOS FORMALISM TO THE
SPECIFIC CASE OF PECVD A-SI:H

4.1 Introduction

Amorphous silicon has been prepared in a variety of different forms over the
years. At present, PECVD a-Si:H is the most commonly found form of this ma-
terial. It is the form of amorphous silicon that is found in contemporary electron
device applications. One of the most attractive features of PECVD a-Si:H is the
fact that it can be deposited uniformly and inexpensively over large areas. Crys-
talline silicon, by way of contrast, is very expensive to fabricate and can not be
deposited uniformly over large areas. Additional qualities of PECVD a-Si:H, that
further contribute to its allure, include the fact that it can be easily doped, junc-
tions may be readily formed with it, and the same deposition process used to
deposit the material itself may also be used to fabricate the dielectric and passi-
vation layers needed for the realization of actual devices. The fact that the same
silicon processing technologies, developed over a half century of work in conven-
tional electronics, can also be applied to this material, further underscores the
practicality of this material.

In this chapter, the DOS and JDOS formalism that has been developed in the
two previous chapters is applied to the specific case of PECVD a-Si:H. Initially, a
detailed analysis of the DOS functions associated with this material is presented.
The aim of this analysis is the determination of the DOS modeling parameters
corresponding to the specific case of PECVD a-Si:H, these parameters being used

in the subsequent analysis. With these DOS modeling parameters determined, the
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JDOS function, corresponding to PECVD a-Si:H, is then evaluated. With a nom-
inal selection of PECVD a-Si:H DOS modeling parameter selections established,
the dependence of the density of localized valence band electronic states and con-
duction band localized electronic states on the location of the valence band and
conduction band mobility edges, Ev, and Eg,, respectively, is then probed. The
spectral dependence of the PECVD a-Si:H JDOS contributions are then evaluated.
The spectral dependence of the normalized dipole matrix element squared average,
R?(hw), associated with PECVD a-Si:H, is then examined. The impact that these
spectral variations have on the optical properties associated with PECVD a-Si:H
is then considered. The spectral dependence of the optical absorption coefficient,
a(hw), is then evaluated. A means of quantitatively characterizing the optical
absorption spectrum associated with PECVD a-Si:H is then developed. Finally,
the effective mass of the electron and holes associated with PECVD a-Si:H are
determined.

This chapter is organized in the following manner. In Section 4.2, DOS model-
ing parameters, corresponding to PECVD a-Si:H, are obtained through the fit of
an empirical model for the DOS functions to the experimental PECVD a-Si:H DOS
data of Jackson et al. [49]. The DOS modeling parameter selections, employed for
the purposes of the subsequent analysis, are then laid out in Section 4.3. The
spectral dependence of the JDOS function is then determined in Section 4.4, the
resultant JDOS function being compared with the PECVD a-Si:H JDOS result of
Jackson et al. [49]. The density of localized valence band electronic states and local-
ized conduction band electronic states, corresponding to PECVD a-Si:H, are then

determined in Section 4.5. The JDOS contributions, corresponding to PECVD
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a-Si:H, are then evaluated in Section 4.6. In Section 4.7, the spectral dependence
of the normalized dipole matrix element squared average associated with PECVD
a-Si:H is determined. The impact that spectral variations in this matrix element
have on the optical properties associated with PECVD a-Si:H are then explored
in Section 4.8. In Section 4.9, the spectral dependence of the optical absorption
coefficient associated with PECVD a-Si:H is evaluated. A means of characterizing
the optical absorption spectrum associated with PECVD a-Si:H is then developed
in Section 4.10. Finally, the effective masses associated with PECVD a-Si:H are

evaluated in Section 4.11.

4.2 The DOS functions associated with PECVD a-Si:H

Experimental DOS data from Jackson et al. [49], obtained through measure-
ments on PECVD a-Si:H, will be used in order to determine the DOS modeling
parameters corresponding to this material. For the purposes of this analysis, the
same empirical model for the DOS functions, used in the previous chapters, will be
used here. That is, square-root functional dependencies in the band regions and
exponential functional dependencies in the tail regions are assumed. Following the

analysis presented in Chapters 2 and 3, the valence band DOS function

E i—E _
Nvyor/Ev — Eyt exp (%) exp (E‘;VE> , B> Ey

Ny(E) = (4.1)

Y

Nvo\/ EV — E E S EVt
while the conduction band DOS function

NeovVE — Ec, E > Eg
Ne(E) = » o (4.2)

Ec—FE _
NCO\/Ect — Fec exp < CW/C Ct) exp (E,Y—CEC> , E < ECt
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where Nyo and N¢o denote the valence band and conduction band DOS prefactors,
respectively, Fy and E¢ correspond to the valence band and conduction band band
edges, vy and v¢ are the valence band and conduction band tail breadths, and Et
and E.t represent the critical energies at which the square-root and exponential
distributions interface; as before, Ny(E)AE and N¢(FE)AFE represent the number
of one-electron valence band and one-electron conduction band states, between
energies [F, E + AFE], per unit volume, respectively. For Eqs. (4.1) and (4.2), it
is assumed that Fyy < Ey and that E.t > Ec. The goal of the analysis here
is to select the eight DOS modeling parameters, i.e., Nyo, Nco, Ev, Ec, 7, Ve,
Eyt, and E¢, so that these empirical DOS functions, i.e., Egs. (4.1) and (4.2),
fit the experimental PECVD a-Si:H DOS results of Jackson et al. [49]. The error
associated with each DOS modeling parameter is evaluated through the course of
this analysis.

In order to narrow the scope of the parameter space, it will be assumed that
the DOS functions, Ny (E) and N¢(E), and their derivatives, are continuous at the
critical energies, Ey¢ and F.t, at which points the square-root and exponential
distributions interface, Ey;t being set to By — %fyv and E.t being set to L + %’yc.

As a result, Egs. (4.1) and (4.2) reduce to

Nvoy/37vexp (—3) exp (EX;E) . E>Eyv— 3w

Ny(E) = , (4.3)
NyovEy — E, E < Ey— 3w
and
NeovE — Ec, E > Ec+ ive
Ne(E) = o ’ (4.4)
Ncoy/37c exp (—3) exp (%) : E < Ec+ 37
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respectively, where the number of DOS modeling parameters has now been reduced
by two, i.e., there are now six DOS modeling parameters, Nvo, Nco, Ev, Ec, Vv,
and vc. Egs. (4.3) and (4.4) lie at the heart of this analysis.

The experimental PECVD a-Si:H DOS data of Jackson et al. [49] is depicted in
Figures 4.1 and 4.2, Figure 4.1 being cast on a linear scale and Figure 4.2 being cast
on a logarithmic scale. While the square-root and exponential regions are clearly
in evidence, substantial deviations, that lie beyond the framework of the empirical
DOS model used in this analysis, i.e., Egs. (4.3) and (4.4), are also apparent. It
is seen that the intrinsic disorder that is present, i.e., the variations in the bond
lengths and bond angles, leads to the presence of exponential tails of electronic
states that encroach into the otherwise empty gap region. States that reside deeper
within the gap, related to the extrinsic disorder that is present, i.e., defects and
dangling bonds, are also seen, especially in Figure 4.2. The model that is used for
the DOS functions for the purposes of this analysis, i.e., Egs. (4.3) and (4.4), does
not consider defect states. Deviations from the square-root distributions are also
observed, in both the valence band and conduction band DOS functions; they are
particularly noticeable in Figure 4.1. These probably arise as a consequence of the
finiteness of the bands.

Before fitting Eqgs. (4.3) and (4.4) to the PECVD a-Si:H DOS results of Jack-
son et al. [49], a note of caution should be introduced. The experimental data that
is presented in Figures 4.1 and 4.2 was obtained through a reading off of the exper-
imental data presented in the figures of Jackson et al. [49]; access to the primary
data was not possible. Inevitably, distortions will occur in such a process, and as a

result, the two data sets will not exactly coincide. Another, perhaps even greater
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Figure 4.1: The experimental PECVD a-Si:H DOS data of Jackson et al. [49]. A
linear scale is employed.
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Figure 4.2: The experimental PECVD a-Si:H DOS data of Jackson et al. [49]. A
logarithmic scale is employed.
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challenge, is the fact that these two data sets focus on complementary regions of
the DOS functions. The linear scale result, i.e., Figure 4.1, focuses on the bands,
the exponential tail being virtually indistinguishable. In contrast, the logarithmic
scale result, i.e., Figure 4.2, focuses on the tails, the exact structure of the bands
being difficult to ascertain. As a consequence, some disjointness is expected in the
DOS modeling parameter selections.

For the initial phase of this DOS analysis, the focus is on determining the
DOS modeling parameters corresponding to the bands, i.e., Nyo, Nco, Fyv, and
FE¢. Rather than determining these DOS modeling parameters by directly fitting
Egs. (4.3) and (4.4) to the experimental PECVD a-Si:H DOS data of Jackson et
al. [49], the tradition in this field is followed and instead linear fits are employed.
That is, the determination of the band related DOS modeling parameters, Nyoq,
Nco, Ev, and Ec, will be performed through a linear least-squares fit of the square
of the valence band and conduction band DOS functions to the square of the
experimental PECVD a-Si:H DOS data of Jackson et al. [49]. Focusing only on
the bands, i.e., neglecting the tails, the empirical model for the DOS functions

may instead be expressed as

0, E > Ey
Ny(E) = , (4.5)
NyovEy —E, E<FEy
and
Ncov E — Ec, E > E¢
Ne(E) = , (4.6)
0, F < Ec

where Nyo, Nco, Fv, and E¢ are as previously defined; this simplified model for

the DOS functions is introduced for the purposes of enhanced clarity. Noting, from
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Egs. (4.5) and (4.6), that

0, E > By
NE(E) = , (4.7)
N2,(Ey — E), E < Ey
and that
Ngo(E —Ec), E> Ec
NE(E) = , (4.8)
0, E < Ec

it is seen that the square-root regions should exhibit a linear dependence on energy
when the DOS functions are squared. Thus, a linear least-squares fit of Eqgs. (4.7)
and (4.8) to the square of the experimental PECVD a-Si:H DOS data of Jackson
et al. [49], should allow for the determination of the band related DOS modeling
parameters, i.e., Nyo, Nco, Ev, and Ec, from the results of experiment.

In Figure 4.3, the square of the experimental PECVD a-Si:H DOS data of
Jackson et al. [49] is plotted as a function of energy; the experimental data de-
picted in this figure is obtained through squaring the experimental data depicted
in Figure 4.1. Linear regions of functional dependence are observed, both in the
valence band and in the conduction band. In particular, for the valence band, a
linear dependence on energy is observed between —3.0 and —1.75 eV, while for
the conduction band, a linear dependence on energy is observed between 0.0 and
0.75 eV. These linear regions are the regions over which Eqs. (4.7) and (4.8) are fit
to the square of the experimental data of Jackson et al. [49]. Linear least-squares
fits over these regions yield Nyo = (2.3940.35) x 10%2 em™3eV~%/2, N¢o = (3.03 £
0.60) x 1022 cm™3eV=3/2 By = —1.79 £ 0.03 eV, and E¢ = 0.04 & 0.04 eV. These
DOS modeling parameter determinations are tabulated in Table 4.1. The fits ob-

tained, using the mean values of these parameter selections, i.e., Nyo = 2.39 x 10?2
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Figure 4.3: The square of the DOS functions corresponding to PECVD a-Si:H.
The square of the experimental PECVD a-Si:H DOS data of Jackson et al. [49]
is depicted with the solid points. The resultant fits, i.e., Eqs. (4.7) and (4.8), for
the DOS modeling parameter selections Nyo = 2.39 x 10?2 cm eV =32 N¢g =
3.03x 10?2 cm™3eV=3/2 By = —1.79 eV, and E¢ = 0.04 eV, are clearly shown with
the bold solid lines, between energies —3.0 and —1.75 eV for the valence band
and between energies 0.0 and 0.75 eV for the conduction band. Extrapolations of
these fits are depicted with the dashed lines. These fits were obtained in linear
least-squares manners.
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Table 4.1: The DOS modeling parameter determinations corresponding to PECVD
a-Si:H. These parameters were determined through fits of Eqgs. (4.7) and (4.8) to
the square of the experimental PECVD a-Si:H DOS data of Jackson et al [49].
The values corresponding to vy and 7¢ could not be determined.

’ Parameter (unit) \ Experimental determination \ Mean value ‘

Nyo (cm~3eV=/2) | (2.39 4 0.35) x 10% 2.39 x 10%2
Neo (em™eV=3/2) | (3.03 4 0.60) x 10?2 3.03 x 102
By (eV) —~1.7940.03 —1.79

Ec (eV) 0.04 +0.04 0.04

v (meV) - -

¢ (meV) - -

ecm3eV™3/2 Neo = 3.03 x 1022 cm32eV /2, By = —1.79 eV, and E¢ = 0.04 eV,
are shown in Figure 4.3.

In Figure 4.4, the experimental PECVD a-Si:H DOS data of Jackson et al. [49]
is plotted alongside the simplified DOS functions, i.e., Egs. (4.5) and (4.6), for the
specific case of the DOS modeling parameters tabulated in Table 4.1, these being
determined from the aforementioned linear least-squares analysis. It is noted that
there are substantial deviations from the square-root dependencies beyond these
narrow square-root regions. The deviations, which occur below —3.0 eV and above
—1.75 eV for the case of the valence band and below 0.0 eV and above 0.75 eV for
the case of the conduction band, probably arise as a consequence of the finiteness
of the bands, i.e., the electrons within these bands are not truly free [53].

To complete the selection of DOS modeling parameters, the two remaining
DOS modeling parameter selections, i.e., the valence band and conduction band
tail breadths, vy and ~¢, must be determined. This is done through a fit of the

empirical expressions for the valence band and conduction band DOS functions,
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Figure 4.4: The experimental PECVD a-Si:H DOS data of Jackson et al. [49] and
the fits of this data to Eqgs. (4.5) and (4.6) for the DOS modeling parameter
selections tabulated in Table 4.1. The experimental data points are depicted with
the solid points. The fits are depicted with the bold solid lines. The light solid lines
correspond to the upper and lower DOS prefactor selections specified in Table 4.1.
This plot is cast on a linear scale.
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i.e., Egs. (4.3) and (4.4), to the experimental PECVD a-Si:H DOS data of Jackson
et al. [49] over the exponential regions. As was mentioned earlier, these regions
are barely observable using the linear scale, and thus, the logarithmic scale ex-
perimental data must be employed instead. Rather than focusing on the band re-
gions, these fittings focus on the exponential tail regions associated with Eqs. (4.3)
and (4.4). These fits, once again, are performed in a linear least-squares sense, and
are shown in Figure 4.5. From this analysis, the breadth of the valence band tail
and the breadth of the conduction band tail, vy and ~c¢, respectively, are found
to be 7w = 68.7 & 1.00 meV and ¢ = 19.8 £ 0.30 meV. These tail breadths are
determined from the slopes of the fitting lines depicted in Figure 4.5.

A line is defined by its slope and its intercept. The fitting lines depicted in

Figure 4.5 correspond to Egs. (4.3) and (4.4) in their exponential tail regions, i.e.,

1 1 By E
In (Ny(E)) =1 N- — -t " - — 4,
n (Ny(E)) ﬂ( Vo\/27v> 2+W - (4.9)

In (Ne(E)) = In (NCO 17(;) 1 L B (4.10)

and

2 P (I ¢
The line intercepts are determined by the DOS prefactors, the band edge pa-

rameters, and the tail breadth parameters. If one chooses to use the previously
determined DOS modeling parameters, i.e., those tabulated in Table 4.1, as seed
values, then there are two possible sets of parameter selections. Assuming that
Nvo and Nc¢o are as prescribed in Table 4.1, the fits depicted in Figure 4.5 cor-
respond to Fy = —1.83 eV and E¢ = 0.07 €V. The corresponding complete set
of DOS modeling parameters is depicted in Table 4.2. Alternatively, if Ey and

Ec are as prescribed in Table 4.1, the fits depicted in Figure 4.5 correspond to
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Figure 4.5: The DOS functions corresponding to PECVD a-Si:H. The experimental
PECVD a-Si:H DOS data of Jackson et al. [49] is depicted with the solid points.
The resultant exponential fits are shown with the solid lines over the regions over
which these fits were determined. Extrapolations of these fits are depicted with
the dashed lines. These fits were obtained in linear least-squares manners.




Table 4.2: The DOS modeling parameter determinations corresponding to PECVD
a-Si:H. These parameters were determined through fits of Egs. (4.3) and (4.4) to
the PECVD a-Si:H DOS data of Jackson et al. [49] over the exponential regions.
The first set of DOS modeling parameter selections is determined by setting Nyo
and Nc¢o to the values set in Table 4.1. The second set of DOS modeling parameter
selections is determined by setting Eyv and FE¢ to the values set in Table 4.1

Parameter (unit) | Experimental | Parameter | Parameter
determination | selection 1 | selection 2

Nyo (em™3eV—3/2) | — 2.39 x 10%% | 1.39 x 10*2

Neo (em™3eV=3/2) | — 3.03 x 102 | 6.58 x 10*

Ey (eV) - -1.83 -1.79

Ec (eV) — 0.07 0.04

v (meV) 68.7 = 1.00 68.7 68.7

Ye (meV) 19.8 £ 0.30 19.8 19.8

Nyo = 1.39 x 10?2 ecm3eV=%/2 and Neo = 6.58 x 10%' cm eV /2. The corre-
sponding complete set of DOS modeling parameters is also depicted in Table 4.2.
It is found that former DOS modeling parameter selections lead to a more satis-
factory overall fit, as may be seen in Figure 4.6.

It is noted that the determination of the DOS prefactors, Nyo and N¢g, from
selections of the band edges, Ev and FE¢, is extremely sensitive to variations in Exy
and FE¢, as was seen in Figure 4.6. This sensitivity arises as it is not possible to
determine the onset of the transition to the square-root bands only from knowledge
of the exponential regions; recall that the fits shown in Figure 4.5 correspond only
to the exponential regions. While the DOS modeling parameter selections intro-
duced here have used the results obtained from the linear fits as seed values for the
purposes of these logarithmic fits, other DOS modeling parameter selections could

also be used for the logarithmic fits. This is because the intercepts corresponding
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Figure 4.6: The DOS functions associated with PECVD a-Si:H. The experimental
PECVD a-Si:H DOS results of Jackson et al. [49] are depicted with the solid points.
The fits of Egs. (4.3) and (4.4) to this experimental data are shown with the lines.
For the first set of DOS modeling parameter selections provided in Table 4.2, the
corresponding fits are shown with the heavy solid lines. For the second set of DOS
modeling parameter selections provided in Table 4.2, the corresponding fits are
shown with dotted lines. This plot is cast on a logarithmic scale.
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to Egs. (4.9) and (4.10) are determined by Nyo, Ev, and vy, and Nc¢o, Ec, and 7,
respectively.

A reconciliation of these disjoint DOS modeling parameter selections may
be possible if a more sophisticated model for these DOS functions is employed.
Egs. (4.3) and (4.4) may be oversimplified, and perhaps do not exactly represent
the distribution of electronic states associated with this complex material. Further

study would be required in order to draw any more definitive conclusions, however.

4.3 DOS modeling parameter selections for subsequent analysis

It should be pointed out that the experimental PECVD a-Si:H DOS data of
Jackson et al. [49] corresponds to a particular sample of this material. Amorphous
semiconductors, such as PECVD a-Si:H, are expected to exhibit sample-to-sample
variations. These variations are likely to influence the DOS modeling parameters.
Unfortunately, as Jackson et al. [49] appear to be the only researchers that have
experimentally determined the valence band and conduction band DOS functions
associated with PECVD a-Si:H, there is no way to directly assess the magnitude of
the sample-to-sample variations in the DOS modeling parameters corresponding to
this material. Tables 4.1 and 4.2 should thus be viewed as providing DOS modeling
parameters that are representative of PECVD a-Si:H, rather to tabulating a unique
set of values corresponding to all forms of this material.

A variety of indirect determinations of these DOS modeling parameters have
been performed. Jiao et al. [44], for example, in the course of performing an
analysis on the spectral dependence of the imaginary part of the dielectric function,

€9 (hw), suggest that the square-root PECVD a-Si:H DOS bands are symmetric.
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As aresult, they find that the DOS prefactors, Nyo and Nc¢o, are equal. As a result
of their analysis, Jiao et al. [44] conclude that Nyo = Neo = 2.2 x 10?2 cm3eV—3/2,
Later, O’Leary [46], in fitting an analytical expression for the JDOS function to
experimental PECVD a-Si:H JDOS results corresponding to Jackson et al. [49],
instead conclude that Nyo = Nco = 2.38 x 10?2 cm eV /2. It is noted that these
results are of the same order of magnitude as the values found in Tables 4.1 and
4.2.

For a sample of device quality PECVD a-Si:H, Tiedje et al. [41] found that
v = 43 meV and v = 27 meV. The tail breadth parameters corresponding
to PECVD a-Si:H are known to vary, however, these variations corresponding to
changes in the amount of disorder that is present. Experimentalists have reported
variations in 7y, between 43 and 103 meV, and variations in ~¢, between 20 and
43 meV [22]. In fact, Sherman et al. [22] provided experimental evidence for the
existence of a correlation between the valence band tail and conduction band tail
breadths, vy and ¢, respectively, for the case of PECVD a-Si:H. In Figure 4.7, the
experimental data of Sherman et al. [22] is depicted, along with the corresponding
error bars. A linear least-squares fit to this experimental data, which is determined
to be

Vv (meV) = 0.7657, (meV) + 31.3, (4.11)

is also indicated in Figure 4.7. The values determined by Tiedje et al. [41] are also
depicted on this figure, although these values are not included in the determination
of Eq. (4.11) owing to differences in the manner by which these experimental
determinations were obtained; the error associated with the experimental data

point of Tiedje et al. [41] is unknown, as the errors were not reported by Tiedje et
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Figure 4.7: The correlation between the conduction band tail breadth and the
valence band tail breadth. The line shows the resultant linear least-squares fit. The
experimental data associated with the line is from Sherman et al. [22]. The other
experimental data point is from Tiedje et al. [41]. This figure is after Sherman et

al. [22].
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al. [41]. The variations associated with vy that were found by Sherman et al. [22]
are of the order of 3 meV while those associated with 7 are of the order of 4 meV.

In order to simplify matters, symmetric square-root DOS functions will be
used for the subsequent analysis for all cases. As the focus of this analysis is on
the evaluation of the JDOS function, the symmetric DOS prefactor selections of
O’Leary [46] are adopted; as was mentioned earlier, these DOS prefactor selections
of O’Leary [46], Nyo = Nco = 2.38 x 10?2 em™3eV~3/2, were determined so that
the resultant JDOS function reproduces the experimental PECVD a-Si:H JDOS
of Jackson et al. [49]. The energy gap value that is selected, i.e., the difference in
energy between the valence band and conduction band band edges, Ev and Fg,
respectively, is set to the value obtained by O’Leary [46] for all cases, 1.68 eV;
once again, this value was determined through a fit with the PECVD a-Si:H JDOS
result of Jackson et al. [49]. In terms of the valence band and conduction band
tail breadths, two possible selections are made. For set tail breadth parameters,
the values of Tiedje et al. [41] are adopted, i.e., 7w = 43 meV and vc = 27 meV.
When the impact of disorder is considered, however, i.e., how the evaluations
change as the disorder is varied, the linear relationship of Sherman et al. [22], i.e.,
Eq. (4.11), is employed. These two sets of DOS modeling parameters are tabulated

in Tables 4.3 and 4.4.

4.4 JDOS evaluation for PECVD a-Si:H

With a set of DOS modeling parameters for PECVD a-Si:H now established,
i.e., Table 4.3, the JDOS function may now be evaluated. The JDOS function

provides a measure of the number of possible optical transitions that can occur
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Table 4.3: The DOS modeling parameters for fixed band tail breadths. All of the
DOS modeling parameters are from O’Leary [46].

| Parameter (unit) | Value

Nyo (em™3eV=3/2) | 2.38 x 10?2
Neo (em™3eV—3/2) | 2.38 x 10?2
Ey (eV) 0

Eec (eV) 1.68

v (meV) 43

Ye (meV) 27

at a given photon energy, and as such, is an important determinant of the optical
properties; recall Eq. (3.12). In Figure 4.8, the JDOS function corresponding to
PECVD a-Si:H is computed, the DOS modeling parameter selections tabulated in
Table 4.3 being used for the purposes of this analysis. The PECVD a-Si:H JDOS
results that were determined by Jackson et al. [49] are also depicted. It is seen
that the form of this calculated JDOS function is very similar to that obtained by
Jackson et al. [49]. In particular, it is seen that the obtained JDOS results are
essentially coincident with that obtained by Jackson et al. [49], except for fw <
1.4 eV and hw > 5.0 eV. The deviations that are found for iw < 1.4 €V are believed
to be attributable to the presence of defect states, these not being taken into
account in the empirical DOS functions, i.e., Egs. (4.3) and (4.4). The deviations
that are found for Aw > 5.0 eV are believed to be attributable to deviations from
the square-root distributions in the DOS functions; these deviations were seen

previously in Figure 4.4.
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Figure 4.8: The JDOS function corresponding to a-Si:H. The experimental JDOS
result of Jackson et al. [49] is depicted with solid points. The fit obtained is indi-
cated with the solid line. It is seen that there is almost complete agreement, except
for hw < 1.4 eV, at which point defect absorption dramatically alters the character
of the JDOS function, and for hw > 5 eV, at which point the non-parabolically
of the VBB and CBB distributions distorts the resultant JDOS function. Both of
these effects are beyond the framework of the present analysis. The parameters
used for this fitting are tabulated in Table 4.3.

141



Table 4.4: The DOS modeling parameters for varying tail breadths. All of the
other DOS modeling parameters are from O’Leary [46].

| Parameter (unit) | Value |

Nyo (em™3eV=3/2) | 2.38 x 10%
Neo (em™3eV—3/2) | 2.38 x 10?2
Ey (eV) 0

Eec (eV) 1.68

v (meV) Eq. (4.11)
Ye (meV) Eq. (4.11)

4.5 Evaluation of nyjo. and nge. for PECVD a-Si:H

In order to relate the optical properties of PECVD a-Si:H with the density of
localized valence band and conduction band electronic states, nyio. and ngc, these
densities must be evaluated. In this analysis, how these densities vary with the
conduction band tail breadth, ¢, will be determined, the tail breadth parameter
providing a measure of the amount of disorder that is present; greater disorder
corresponds to larger values of 4y and ~c. For the purposes of this PECVD a-Si:H
analysis, the DOS modeling parameters are set to their nominal values assigned
in Table 4.4. E 4 and E.t are selected so that the DOS functions, and their
derivatives, are continuous functions of energy, i.e., Fyt = Ey — %'VV and E.4 =
Ec—i—%fyc [45]. The valence band and conduction band mobility edges, Evy,, and Ec,,,
are assumed to be coincident with Eyt and E¢, respectively. Finally, vy and ¢
are assumed to be related in accordance with the linear least-squares relationship
depicted in Figure 4.7, i.e., Eq. (4.11). The DOS modeling parameter selections,
employed for the specific purposes of this PECVD a-Si:H analysis, are tabulated

in Table 4.5, most of these parameters being from Table 4.4.
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Table 4.5: The PECVD a-Si:H DOS modeling parameter selections used for the
purposes of this analysis. The relationship between the valence band and conduc-
tion band tail breadths, 7y and ¢, is as described in Eq. (4.11). These modeling
parameters were found through a fit with the PECVD a-Si:H JDOS experimental
results of Jackson et al. [49]. Most of these DOS modeling parameter selections
are from Table 4.4.

Conduction band Valence band
Parameter | Value Parameter | Value
Neo 2.38 x 102 (cm~2eV—3/2) | Nyq 2.38 x 102 (cm~3eV—3/2)
Ec 1.68 (eV) By 0.0 (eV)
Eet Ec + 37c Byt Ev = 57
ECM Ect EVM Evt

The total densities of VBL and CBL electronic states, nygy, and nggr,, respec-
tively, are evaluated. In Figure 4.9, nygr, and ngpy, are plotted as functions of the
conduction band tail breadth, 7¢, the valence band tail breadth, v, being deter-
mined from ¢, i.e., through Eq. (4.11). It is seen that nypp exceeds ncpr, by a
considerable margin, for the range of ¢ considered. This is due to the fact that vy
is greater than v¢ for the range of v¢ considered. Clearly, the greater the amount
of disorder, i.e., the greater vy and ~c, the larger the total densities of VBL and
CBL electronic states. This is primarily due to the fact that the valence band
mobility edge, Fy, = By — %7\/, decreases in response to increases in vy, thereby
increasing the total density of VBL electronic states (recall Figure 2.17) and that
the conduction band mobility edge, E¢, = Ec + %”yc, increases in response to in-
creases in ¢, thereby increasing the total density of CBL electronic states (recall
Figure 2.18).

It should be noted that the range of ¢ considered in this analysis exceeds

the range expected for PECVD a-Si:H; Sherman et al. [22] reported values of 7
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Figure 4.9: The dependence of the total densities of VBL and CBL electronic
states, nygr, and ncgr, respectively, on the conduction band tail breadth, ~¢, for
the case of PECVD a-Si:H. 7y is determined assuming the validity of the linear
least-squares fit relationship between vy and ¢, i.e., Eq. (4.11). All DOS modeling
parameters are set to their PECVD a-Si:H values, i.e., the values set in Table 4.5.
Results corresponding to the range of ¢ specified in Figure 4.7 are indicated with
the solid lines. Results beyond this range are indicated with dotted lines.
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between 20 and 32 meV for the case of PECVD a-Si:H. This is done in order
to amplify the differences between the low ¢ and high ~¢ results. It should be
pointed out that there are other types of disordered semiconductors, such as amor-
phous selenium, that are characterized with valence band and conduction band tail
breadths that are narrower than that associated with PECVD a-Si:H [54], so the
low ¢ results may be viewed as being representative of such cases; in selenium,

tails as narrow as 10 meV have been reported.

4.6 Evaluation of the JDOS contributions corresponding to PECVD
a-Si:H

With the PECVD a-Si:H DOS modeling parameters determined, the contri-
butions to the JDOS function corresponding to the various types of optical tran-
sitions are determined. This analysis is performed for both narrow band tails
and broad band tails, this covering the range of values expected for amorphous
semiconductors. The DOS modeling parameter selections, specified in Table 4.5,
are employed for the purposes of this analysis. In Figure 4.10, the PECVD
a-Si:H JDOS functions, J(hw), Jyvpe.ce(Aw), Jvee.csL(hw), Jver.cee(fw), and
JvprL-cL(hw), are plotted as functions of hw for the specific case of y¢ = 10 meV,
v being determined from Eq. (4.11); all other DOS modeling parameters are
set to their PECVD a-Si:H values, i.e., the values set in Table 4.5. As with
Figure 3.17, it is noted that Jypp.cpe(hw) = 0 for hw < Ec, — Ev, and that
Jver-cerL(hw) = 0 for hw > E¢, — Evy,. In addition, it is seen that J(hw),
Jvee-cBe(hw), Jyvpe.cprL(fw), and Jypr.cpe(Aw), all monotonically increase in re-

sponse to increases in fw; Jypg.cpL(hw) and Jypr.cpe(fw) are no longer coinci-
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Figure 4.10: The contributions to the JDOS function corresponding to the VBE-
CBE, VBE-CBL, VBL-CBE, and VBL-CBL optical transitions, i.e., Jvgg.cBE,
JvBE-cBL, JvBL-cBg and Jypr.ceL, as functions of the photon energy, hw, for
PECVD a-Si:H. The overall JDOS function, J, is also plotted as a function of
the photon energy, iw. The PECVD a-Si:H DOS modeling parameter selections,
used for the purposes of this analysis, are tabulated in Table 4.5.
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dent, however, as there are now asymmetries in the PECVD a-Si:H DOS modeling
parameter selections, i.e., recall Table 4.5. As with Figure 3.17, Jypr.cpr(fw) ini-
tially increases monotonically in response to increases in hw, achieving a maximum
at a certain value of hw, and then diminishing to zero at the mobility gap, i.e.,
when hw = E¢, — Ev,. It is noted that the breadth of the tails in the JDOS
functions, Jypr.cpe(fw) and Jypr.cpL(hw), are determined by the breadth of the
valence band tail, 7y, while that associated with Jypg.cpr(hw) is determined by the
breadth of the conduction band tail, v¢; the overall JDOS function’s tail breadth
is determined by the largest of vy and 7¢ [45], 7v being the dominant tail breadth
for the case of PECVD a-Si:H, the tail breadths associated with Jypg.cpr(fiw) and
JvpL-cBe(Aw) being determined by which distribution of localized electronic states
is involved, the tail breadth associated with Jypr.cpr(hw) being determined by the
largest of 7y and 7y, 7v being the dominant tail breadth for the case of PECVD
a-Si:H.

In Figure 4.11, the PECVD a-Si:H JDOS fractions, ‘]VBEJ‘(Chi‘“;(FM), JVB?]‘&EL)(W),

JvBL-cBL (fw)
J(hw)

JvBL-cBE (lw)

(™) , are plotted as functions of hw for the case of 7¢ =

, and
10 meV, v being determined from Eq. (4.11); all other DOS modeling param-
eters are set to their PECVD a-Si:H values, i.e., the values set in Table 4.5.

While %‘3%(“) monotonically increases from 0 as hw increases from the mo-
JyvaL-cBr(h
and ZYBL cBL (hw)

(%) monotonically increases from 0 as Aw

bility gap, i.e., Ec, — Evy,

decreases from the mobility gap, i.e., E¢, — Fy,, the other fractional JDOS func-

JvBL-cBE (lw)
J(hw)

. paep—
tions, VB‘?](CEEJL)( “) and

, achieve their maxima exactly at the mobility
gap, i.e., when hw = FE¢,, — Ey,. It is noted that while %ﬁg(w asymptotically

approaches unity as hw approaches high values of Aw, as was seen in Figure 3.18,
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Figure 4.11: The fractional contributions to the JDOS function corresponding
to the VBE-CBE, VBE-CBL, VBL-CBE, and VBL-CBL optical transitions, i.e.,
JVLJ’CBE, J"LJCBL, JVBL% and J"Lj’cBL, as functions of the photon energy, hw, for
~vc set to 10 meV. vy is determined using the linear least-squares fit relationship
between 7y and ¢, i.e., Eq. (4.11). All DOS modeling parameters are set to their

PECVD a-Si:H values, i.e., the values set in Table 4.5.
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%ﬁ;(w instead approaches 0.11 as hw approaches low values; in Figure 3.18 in-

JvBL-CBE(

stead ZyBL-cpL(w) o) hw), which asymptotically approached

T} approached unity.

zero as hw approached low values for symmetric DOS modeling parameter selec-

JvBE-cBL (fw)

J(hwo) on

tions, approaches the value of 0.89 for the case of ¢ = 10 meV.
the other hand, exhibits a behavior similar to that found in Figure 3.18, i.e., it
asymptotically approaches zero for both high values of hw and low values of Aw.
A detailed analysis indicates that this effect is due to the fact that vy exceeds e,
leading to a greater total density of VBL electronic states than CBL electronic
states.

In Figure 4.12, the PECVD a-Si:H JDOS functions, J(hw), Jype.cpe(fw),
Jvee-cBL(Aw), JypL.ce(fw), and Jypr.cpr(fw), are plotted as functions of hw for
the case of 7¢ = 40 meV, ~y being determined from Eq. (4.11); all other DOS
modeling parameters are set to the PECVD a-Si:H values, i.e., the values set in
Table 4.5. It is seen that the functional dependencies found in Figure 4.10 are
also found for this case. The tail breadths associated with the tails in the JDOS
functions, however, are found to be considerably broader, owing to the fact that
~vv and 7¢ are larger for the case of 7¢ = 40 meV. As with Figures 3.17 and 4.10, it
is noted that Jypg.cpe(hw) = 0 for w < E¢, — Evy,, and that Jypr cpL(fw) = 0 for
fw > Ec,, — Ev,. In addition, it is seen that J(hw), Jype.cer(fw), Jvpe-caL(fw),
and Jypr.cpg(Aw) all monotonically increase in response to increases in hw. As
with Figures 3.17 and 4.10, Jypr.cpr(Aw) initially increases monotonically in re-
sponse to increases in hw, achieving a maximum at a certain value of Aw, and then

diminishing to zero at the mobility gap, i.e., when hw = E¢, — Ey,,.
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Figure 4.12: The contributions to the JDOS function corresponding to the VBE-
CBE, VBE-CBL, VBL-CBE, and VBL-CBL optical transitions, i.e., JvBg.cBE,
JVBE-cBL, JvBL-cBE and Jypr-cBL, as functions of the photon energy, hw, for v¢ =
40 meV. 7y is determined using the linear least-squares fit relationship between
ve and 7y, i.e., Eq. (4.11). All DOS modeling parameters are set to their PECVD
a-Si:H values, i.e., the value set in Table 4.5. The overall JDOS function, J, is also
plotted as a function of the photon energy, hw.
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In Figure 4.13, the fractional PECVD a-Si:H JDOS functions, %ﬁg(h‘”,

JVB%ngL)(h‘“), JVBLJ‘(Ch‘zE)(M) and %}%(M, are plotted as functions of hw for the

case of y¢ = 40 meV, vy being determined from Eq. (4.11); all other DOS model-
ing parameters are set to the PECVD a-Si:H values, i.e., the values set in Table 4.5.

As with Figures 3.18 and 4.11, while ‘]"B%h‘f)(m) monotonically increases from 0

as hw increases from the mobility gap, i.e., F¢, — Ev,, and %ﬁf};hw) monoton-

ically increases from 0 as hw decreases from the mobility gap, i.e., Ec, — Ev,,

the other fractional JDOS functions, JVB?,‘&‘ZL)(M) and JVBLJ%‘ZE)(M), achieve their

maxima exactly at the mobility gap, i.e., when hw = E¢, — Ev,. As with Fig-

ure 4.11, while %hf‘f)(w asymptotically approaches unity as hw approaches high

JyvBL-cBL (fw)

values of hw, (o)

instead approaches 0.49 as hw approaches low values; in

Figure 3.18, instead %ff)(w approached unity as Aw approaches low values.

As with Figure 4.11, this occurs as there are a greater total density of VBL elec-

JvBE-cBL (w)

(o) on the other

tronic states than CBL electronic states; recall Figure 4.9.
hand exhibits a behaviour similar to that found in Figures 3.18 and 4.11, i.e., it
asymptotically approaches zero for both high values of Aw and low values of hw.

In Figure 4.14, the fractional PECVD a-Si:H JDOS functions, %]f)(w and

%h%)(m)’ are plotted as functions of 7. for hw set to 1 eV, this serving as an
approximation to the low hw asymptotic limit. As before, vy is determined from

Eq. (4.11), all DOS modeling parameters being set to their PECVD a-Si:H values,

JvBE-cBL (lw)

i.e., the values set in Table 4.5. As 7 is smaller than v, T (o)

asymptotically
diminishes to zero in the low fw asymptotic limit, i.e., recall Figures 4.11 and 4.13,

and thus, it is not plotted in this figure. It is seen that the VBL-CBL contribution
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Figure 4.13: The fractional contributions to the JDOS function corresponding
to the VBE-CBE, VBE-CBL, VBL-CBE, and VBL-CBL optical transitions, i.e.,
JVBEJ‘CBE, JVB‘?]'CBL, JVBLJ‘CBE and JVB‘:,‘CBL, as functions of the photon energy, hw, for
e set to 40 meV. vy is determined using the linear least-squares fit relationship
between vy and q¢, i.e., Eq. (4.11). All DOS modeling parameters are set to their

PECVD a-Si:H values, i.e., the values set in Table 4.5.
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Figure 4.14: The fractional contributions to the JDOS function corresponding to
the VBL-CBE and VBL-CBL optical transitions, i.e., JVBL%, and JVLJCBL, as
functions of the conduction band tail breadth, -, evaluated for Aw set to 1 eV. v
is determined using the linear least-squares fit relationship between vy and ¢, i.e.,
Eq. (4.11). All DOS modeling parameters are set to their PECVD a-Si:H values,
i.e., the values set in Table 4.5.
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to the JDOS function increases as 7 is increased. This occurs as the total densities
of VBL and CBL electronic states increase as v is increased, i.e., recall Figure 4.9.

In Figure 4.15, the fractional PECVD a-Si:H JDOS functions, JVB%‘ZL)(M and

JvBL-CBE (7w)

Te) o are plotted as functions of ¢ for hw set to K¢, — Ey,, i.e., the mobility

gap. As before, vy is determined from Eq. (4.11), all DOS modeling parameters
being set to their PECVD a-Si:H values, i.e., the values set in Table 4.5. As
Jvee-ce(Aw) and Jypr.cer(fw) are exactly equal to zero when hw = E¢;, — Evy,,
Jvee-cBe(Aw) and Jypr.cpL(Aw) are not plotted in this figure. It is seen that the
contribution of the VBL-CBE optical transitions decreases as 7 is increased. This
is due to the fact that the ratio between ¢ and +y increases as 7¢ increases; recall

Eq. (4.11).

4.7 Evaluation of the spectral dependence of the matrix element asso-

ciated with PECVD a-Si:H

The spectral dependence of the squared average optical transition matrix ele-
ment associated with PECVD a-Si:H is now determined, the imaginary part of the
dielectric function being proportional to the product of this matrix element and the
overall JDOS function, J(fw) [50]. Within the framework of the developed JDOS
formalism of Chapter 3, it was shown that this matrix element is proportional
to the fraction of the overall JDOS function attributable to the VBE-CBE, VBE-
CBL, and VBL-CBE optical transitions. That is, the fractional JDOS contribution

function

Tivao(is) = Jvee-cBE(hw) + JVB?—(C};ESM) + JVBL—CBE<FLW)7 (4.12)
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Figure 4.15: The fractional contributions to the JDOS function corresponding
to the VBE-CBL and VBL-CBE optical transitions, i.e., ‘]"LJ‘CBL, and J"BL%, as
functions of the conduction band tail breadth, v¢, evaluated for hw set to Ec,— Ev,,.
v is determined using the linear least-squares fit relationship between ~y and ~¢,
ie., Eq. (4.11). All DOS modeling parameters are set to their PECVD a-Si:H
values, i.e., the values of the set in Table 4.5.
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is proportional to the squared average optical transition matrix element.

In Figures 4.16 and 4.17, the fractional JDOS contribution function, Je.c(fw),
as defined in Eq. (4.12), is plotted as a function of the photon energy, hw, for
e set to 10 and 40 meV, respectively; as before, the corresponding values of v
are determined using Eq. (4.11), all other DOS modeling parameters being set to
their PECVD a-Si:H values, i.e., the values set in Table 4.5. It is noted that the
location of the mobility gap, iw = E¢,, — Ev,, is clearly evident from the spectral
dependence of Jyac(fw), values of Jpac(Aw) for w > E¢, — Evy, being unity, and
values of Jyae(hw) for hw < E¢,, — Ev,, being less than unity. Analysis indicates
that Jgac(hw) monotonically decreases from unity as hw is decreased below the
mobility gap. This behaviour is due to the fact that Jypr.cpr(fw) is zero for
hw > E¢, — Evy, and that Jygpr.cpr,(hw) monotonically increases as hw decreases
below the mobility gap; as VBL-CBL optical transitions contribute to the overall
JDOS function, J(Aw), the fractional JDOS contribution, Jgac(fw), diminishes
in response to increases in Jypr.cpr(fw). It is also noted that the amount by
which the fractional JDOS contribution is diminished is a strong function of the
valence band and conduction band tail breadths, 7y and ~¢, respectively, the low
hw asymptotic value of Jga.(hw) decreasing from 0.89 for the 7z = 10 meV case
(Figure 4.16) to 0.51 for the ¢ = 40 meV case (Figure 4.17). Clearly, considerable
insights into the location of the mobility gap and the nature of the electronic states
may be gleaned through an analysis of the spectral dependence of J e (fiw), which
is directly proportional to the experimentally determinable squared average optical

transition matrix element [49].
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Figure 4.16: The fractional contributions to the JDOS function, Jg.,, as defined in
Eq. (4.12), as a function of the photon energy, hw, for vc set to 10 meV, 4y being
determined using the linear least-squares fit relationship between vy and e, i.e.,
Eq. (4.11). All DOS modeling parameters are set to their PECVD a-Si:H values,
i.e., the values set in Table 4.5.
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Figure 4.17: The fractional contributions to the JDOS function, Jg.,c, as defined in
Eq. (4.12), as a function of the photon energy, hw, for vc set to 40 meV, 4y being
determined using the linear least-squares fit relationship between vy and e, i.e.,
Eq. (4.11). All DOS modeling parameters are set to their PECVD a-Si:H values,
i.e., the values set in Table 4.5.
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4.8 Spectral variations in the optical transition matrix element and
their impact on the optical properties associated with PECVD a-
Si:H

Using an empirical model for the DOS functions, in conjunction with an ele-
mentary model for the optical transition matrix elements, the spectral dependence
of R?(hw) was determined for the case of PECVD a-Si:H. It was found that R?(hw)
saturates at and beyond the mobility gap, decreases sharply just below the mobil-
ity gap as the photon energy is diminished, and then saturates again at sufficiently
low photon energies. The saturated value of %?(fiw) at low photon energies was
found to depend critically on the density of localized states. These results sug-
gest that a careful examination of the spectral dependence of *(hw) will allow
for a determination of the mobility gap associated with PECVD a-Si:H. In this
section, the aim is to explore how such variations in the spectral dependence of
R?(hw) impact upon the spectral dependence of the optical properties associated
with PECVD a-Si:H. It will also be ascertained as to whether or not the PECVD
a-Si:H mobility gap result suggested by Jackson et al. [49] is consistent with the
results of experiment. This analysis is performed within the framework of the
JDOS formalism. For the purposes of this analysis, the DOS modeling parameters
are set to the values set in Table 4.6.

In Figures 4.18, 4.19, and 4.20, the fractional JDOS contribution, Jg,.(hw),
is plotted as a function of Aw, for various mobility edge selections, Figure 4.18
corresponding to E¢, — Evy, set to E.t — Eyt + 0.2 eV, Figure 4.19 corresponding
to B¢, — Evy, set to Bt — Eyt, and Figure 4.20 corresponding to E¢, — Ey,, set to

E.t — Eyt — 0.2 €V; a variety of selections of Ey, and FE¢, are considered for each
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Figure 4.18: The fraction of the JDOS function that is attributable solely to the
VBE-CBE, VBE-CBL, and VBL-CBE optical transitions, Jg..(hw), for the case
of PECVD a-Si:H when the mobility gap, Ec, — Ev,,, is set to Eqt — Ey¢ +0.2 eV.
Three cases are considered; (1) Ev, = Eyt and Ec, = Eqt +0.2 eV, (2) By, =
Eyt—0.1eVand Ec, = Eqt+0.1eV, and (3) By, = Eyt —0.2 eV and E¢, = Ect.
For all cases, the DOS modeling parameters are set to the PECVD a-Si:H values
assigned in Table 4.6.
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Figure 4.19: The fraction of the JDOS function that is attributable solely to the
VBE-CBE, VBE-CBL, and VBL-CBE optical transitions, Jg..(fw), for the case of
PECVD a-Si:H when the mobility gap, Ec, — Ev,, is set to E.t — Eyt. Three cases
are considered; (1) Ey, = Eyt +0.1 eV and E¢, = Eqt +0.1 €V, (2) By, = Eyt
and Ec, = Et, and (3) By, = Eyt — 0.1 eV and E¢, = Eq — 0.1 eV. For all
cases, the DOS modeling parameters are set to the PECVD a-Si:H values assigned
in Table 4.6.
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Figure 4.20: The fraction of the JDOS function that is attributable solely to the
VBE-CBE, VBE-CBL, and VBL-CBE optical transitions, Jg..(hw), for the case
of PECVD a-Si:H when the mobility gap, E¢,, — Ev,, is set to Fqt — Byt —0.2 eV.
Three cases are considered; (1) By, = Eyt + 0.2 eV and Ec, = Ect, (2) By, =
Eyt+0.1eVand Ec, = Ect —0.1 eV, and (3) By, = Eyt and Ec, = E.t —0.2 eV.
For all cases, the DOS modeling parameters are set to the PECVD a-Si:H values
assigned in Table 4.6.

162



Table 4.6: The PECVD a-Si:H DOS modeling parameter selections used for the
purposes of this analysis.

Conduction band Valence band
Parameter | Value Parameter | Value
Neco 2.38 x 10%% (em™3eV /%) | Nyq 2.38 x 10?? (cm™3eV—3/2)
Ec 1.68 (eV) Ey 0.0 (eV)
Ye 43 (meV) W 27 (meV)
Ect Ec + 37¢ Eyt Ev — 3w

case, however, the PECVD a-Si:H DOS modeling parameters specified in Table 4.6
being used for all cases. As was observed by O’Leary [50], it is seen that in all
cases, Jyac(fw) increases monotonically with Aw, abruptly saturating at a value of
unity for Aw > E¢, — Ev,. For hw < E¢, — Ev,, however, as the photon energy
decreases from E¢, — Ev,,, initially a sharp decline in Jyac(hw) is observed, this
decrease being attributed to the onset of a significant VBL-CBL contribution to
the JDOS. Eventually, however, for sufficiently low fw, a saturation in Jg,.(hw)
is observed. The magnitude of Jg,..(Aw) at low values of Aw depends upon the
density of localized states. It is noted that smaller mobility gaps favor Jg,.(hw)
values that are closer to unity. This is a reflection of the fact that there tends to
be smaller densities of localized electronic states corresponding to smaller mobility
gaps, i.e., fewer VBL and CBL electronic states.

The impact that spectral variations in Jgac(Aw) play in shaping the optical
properties of a-Si:H is now evaluated. Following the lead of Jackson et al. [49] and
Thevaril and O’Leary [55], it will be assumed that

(5
R (1) = R Jine () § \ 1
1, hw < Egq

5
) , hw > Ed
(4.13)
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where the characteristic energy, £y = 3.4 eV, and the prefactor, R?=10 A2, Using
Egs. (3.9) and (4.13), for the PECVD a-Si:H DOS modeling parameter selections
specified in Table 4.6, the resultant spectral dependence of the imaginary part
of the dielectric function, e;(hw), is plotted in Figure 4.21. The corresponding
experimental data of Jackson et al. [49] is also depicted.

In order to get a sense as to how Jiac(Aw) influences the results, upper bound
results corresponding to Jyac(fw) set to unity, i.e., a smaller mobility gap, and
lower bound results corresponding to the case of Evy, set to Fyt —0.1 eV and Eg,,
set to Bt + 0.1 eV, i.e., the mobility gap, F¢, — Ev, = Ect — Eyt +0.2 €V, are
depicted, this providing a reasonable representation of the span of results consid-
ered in Figures 4.18, 4.19, and 4.20. Jackson et al. [49] assume that the onset
of the exponential tails occurs ~ 0.1 eV beyond the mobility gap between Evy,
and Eg,. Casting this assumption into the framework of the empirical model for
the DOS functions, i.e., Egs. (4.3) and (4.4), the assumption of Jackson et al. [49]
means that Fy, is set to Fyy — 0.1 eV and that E¢, set to E.¢ + 0.1 eV, in exact
accord with the lower bound result. It is noted that when the mobility gap, Ec,
- Ey,, is set to Eqt — Eyt + 0.2 eV, ie., 1.915 eV', that the obtained spectral
dependence of the imaginary part of the dielectric function, es(hw), seems to pre-
maturely terminate when contrasted with the results of experiment. The fractional
JDOS function, Jg,.(hAw), is the factor responsible for this premature termination
of ey(hw). The spectral dependence of €y(Aiw) determined with Jyac(hw) set to
unity, i.e., corresponding to a lower mobility gap, seems more in keeping with that

of experiment. These experimental results suggest that the mobility gap associ-

LJackson et al. [49] did not use this empirical model for DOS functions, and thus, slight
numerical differences occur.
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Figure 4.21: The imaginary part of the dielectric function corresponding to
PECVD a-Si:H. The experimental data of Jackson et al. [49] is depicted with
the solid points. The calculated result with Jg..(fw) taken into account, for the
specific case of By, = Fyt — 0.1 eV and F¢, = Et + 0.1 eV, is shown with the
solid line and indicated with an arrow. The calculated result corresponding to the
case of Jyae(Aw) set to unity, i.e., a low mobility gap, is also depicted with the solid
line and the arrow. The PECVD a-Si:H DOS modeling parameters are set to the
values assigned in Table 4.6.
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ated with PECVD a-Si:H determined by Jackson et al. [49] is too large. While one
can not uniquely determine the exact value of the mobility gap associated with
this material, the termination of €;(fiw) being determined both by that associated
with Jae(Aw) and J(hw), these experimental results suggest that the mobility gap
associated with PECVD a-Si:H is upper bounded by the energy difference between
Ey and Fg, i.e., 1.68 eV; for sufficient Jg..(fuw) attenuation, the termination of
€2(hw) is determined by the larger of the mobility gap, E¢, — Ev,,, or the energy
gap, Eec — Ey. Further analysis would be required in order to make a more precise
determination.

It is interesting to note that the analysis presented in this section has used
experimental data of Jackson et al. [49] to refute a claim of Jackson et al. [49]. Prior
to the development of a formalism for the spectral dependence of the normalized
dipole matrix element, there would be no means whereby one could glean the
mobility gap associated with PECVD a-Si:H from optical data. As a consequence,
incongruities, between the spectral dependence of the optical functions and the
postulated mobility gap values, such as those put forth by Jackson et al. [49],
could occur without notice. The formalism that was developed herein provides
researchers with a useful tool that will prevent this from occurring in the future.
This represents an important development in the analysis of PECVD a-Si:H, and
other amorphous semiconductors of interest.

While the analysis of Jackson et al. [49] focuses exclusively on the optical re-
sponse of PECVD a-Si:H, insights into the mobility gap associated with this mate-
rial may also be gleaned from electrical measurements. Street [8] provides evidence

that suggests that the dark conductivity activation energy associated with undoped
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a-Si:H is around 0.85 eV. If it is simplistically interpreted that this activation en-
ergy corresponds to half the mobility gap, it is concluded that the mobility gap
associated with PECVD a-Si:H is 1.7 eV; there are some issues regarding the na-
ture of the mobility edges associated with the valence and conduction bands that
cast doubt on the exactitude of this interpretation, but certainly, if one does not
excessively rely on the precise value obtained, it may be employed as a rough mea-
sure for the mobility gap. It is seen that this value for the mobility gap associated
with PECVD a-Si:H is consistent with the bound that was set for the mobility gap.

Clearly, future work would be required in order to draw any stronger conclusion.

4.9 Evaluation of the optical absorption coefficient associated with

PECVD a-Si:H

The optical response of a-Si:H determines the performance of many of the im-
portant PECVD a-Si:H based electron devices that are commonly used. Accord-
ingly, the evaluation of the spectral dependence of the optical absorption coefficient
associated with this material, o(fw), is an important application for this JDOS
formalism. The results of such an analysis may be employed for two important
purposes: (1) materials characterization, and (2) simulating the performance of
PECVD a-Si:H based electron devices. A useful model for the optical absorption
spectrum can not only be used in order to predict the performance of a particular
PECVD a-Si:H based electron device, it provides a framework within which such a
device design may be optimized. The modeling of the spectral dependence of the
optical absorption coefficient, «(hw), will be the focus of the analysis presented

here, an application of this evaluation being presented in the subsequent section.

167



In Section 4.8, the JDOS formalism that was developed previously was applied
in order to evaluate the spectral dependence of the dielectric function, €;(fw). In
this section, the spectral dependence of the optical absorption coefficient, a(hw),
based on the ey(hw) evaluation, is determined. It is noted that the optical absorp-

tion coefficient

(4.14)

where n(hw) represents the spectral dependence of the refractive index as a function
of the photon energy, hw, w is the corresponding angular frequency, and c is the
speed of light in a vacuum. Thus, with a model of the spectral dependence of the
refractive index, n(fw), the spectral dependence of «(fiw) may be determined.

In 1982, Klazes et al. [56] experimentally evaluated the spectral dependence of
the refractive index for a sample of PECVD a-Si:H. The assumption will be made
that the spectral dependence of n(hw) corresponding to other samples of PECVD
a-Si:H does not deviate much from that of Klazes et al. [56]. For the purpose of this
analysis, a polynomial fit to the experimental data of Klazes et al. [56] will be used
to model the spectral dependence of the refractive index, n(hw). This polynomial
fit should be valid over the range of photon energies over which the experimental
data extends. In Figures 4.22, 4.23, and 4.24, first-order, third-order, and tenth-
order polynomial fits to the experimental data of Klazes et al. [56] are depicted;
the experimental data of Klazes et al. [56] is also depicted in these figures. It is
noted that as the order of the polynomial fit is increased, the closeness between
the fit and the experimental data of Klazes et al. [56] increases. For the purposes
of the subsequent analysis, the tenth-order polynomial fit to the experimental data

of Klazes et al. [56] will be used, i.e., Figure 4.24 [57]. The DOS prefactors are
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Figure 4.22: The index of refraction, n, of a PECVD a-Si:H sample. The experi-
mental data, depicted with the solid points, is from Klazes et al. [56]. A first-order
polynomial fit to this experimental data is depicted with the solid line.
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Figure 4.23: The index of refraction, n, of a PECVD a-Si:H sample. The experi-
mental data, depicted with the solid points, is from Klazes et al. [56]. A third-order
polynomial fit to this experimental data is depicted with the solid line.
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Figure 4.24: The index of refraction, n, of a PECVD a-Si:H sample. The experi-
mental data, depicted with the solid points, is from Klazes et al. [56]. A tenth-order

polynomial fit to this experimental data is depicted with the solid line. A similar
fit is shown by Mok and O’Leary [57].
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set to the values of O’Leary [46] for all cases, i.e., Nyo = Nco = 2.38 x 10?2
cm eV ~3/2 the assumption being made that these parameters remain constant
for all the samples of PECVD a-Si:H considered; while disorder will influence the
tails, the band related DOS modeling parameters, Nyo and N, will remain fixed.

Three experimental PECVD a-Si:H optical absorption data sets, from Cody
et al. [12], Remes [58], and Viturro and Weiser [59], are depicted in Figure 4.25,
these data sets spanning over the range of spectral dependencies that are typically
found for this material. Theoretical fits, corresponding to the JDOS formalism,
are also shown on each figure, the modeling parameters corresponding to each data
set being as tabulated in Table 4.7. For all cases, the tenth-order polynomial fit for
n(hw), shown in Figure 4.24, is used. The fittings provided have been determined
through variations in 7y and E, until the theoretical result agrees with that of
experiment. ¢ was simply set to the value suggested by Tiedje et al. [41], i.e., ¢
is set to 27 meV for all cases; as ¢ is less than vy, its value is difficult to uniquely
experimentally ascertain, the form of the optical absorption spectrum associated
with PECVD a-Si:H being dominated by the value of ~y. It is clear that the
JDOS formalism that has been developed is able to capture most features of these
optical absorption spectra. Some deviations are observed, however, particularly
when the optical absorption coefficient exhibits a broad tail that encroaches into
the otherwise empty gap region. Optical transitions involving defect states are
most likely responsible for this spectral dependence. Further discussion on this
point is provided by Thevaril and O’Leary [55].

For the fits depicted in Figure 4.25, it is seen that the energy gap, F,, diminishes

with increased +y. This dependence that is observed is depicted in Figure 4.26.
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Figure 4.25: Three experimental PECVD a-Si:H optical absorption data sets, from
Cody et al. [12], Remes [58], and Viturro and Weiser [59], are depicted with the
solid points, the upward triangles, and the downward triangles, respectively. The
fit to these data sets are depicted with the corresponding solid lines.
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Table 4.7: The DOS modeling parameters corresponding to each data set. Data
sets from Cody et al. [12], Remes [58], and Viturro and Weiser [59] are considered.

| Parameter | Cody et al. [12] | Remes [58] | Viturro and Weiser [59] |
Nyo (cm™3eV—3/2) | 2.38 x 10?2 2.38 x 10* 2.38 x 10%
Neo (cm—3eV—3/2) | 2.38 x 1022 2.38 x 1022 | 2.38 x 1022
E, (eV) 1.7268 1.5707 1.5251
R? (A) 10 10 10
v (meV) 68.9 91.2 187.5
Yo (meV) 27.0 27.0 27.0

It should be noted that a similar observation was found by Cody et al. [12] for
the case of PECVD a-Si:H, the energy gap decreasing with increases in the optical
absorption tail breadth; the absorption tail breadth is essentially the breadth of the
valence band tail for the case of PECVD a-Si:H, as vy is much larger than ¢ for
this material. The results of Cody et al. [12] are also depicted in Figure 4.26. The
trends observed appear to be consistent, with the exception of the fit corresponding
to Viturro and Weiser [59].

In order to assess as to whether the data point corresponding to the experimen-
tal data of Viturro and Weiser [59] is simply an abberation, other optical absorption
experimental data sets, corresponding to Viturro and Weiser [59], are also consid-
ered. The fits to this other experimental data are depicted in Figure 4.27, the
corresponding DOS modeling fit parameters being specified in Table 4.8. Plot-
ting this additional experimental data on Figure 4.26, it is seen that the trends
corresponding to the experimental data of Viturro and Weiser [59] are consistent.
However, it is seen that the results of Cody et al. [12] are only consistent with those

of Viturro and Weiser [59] for the case of low 7y, i.e., for low levels of disorder.
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Figure 4.26: The energy gap as a function of the valence band tail breadth. The fit
values, corresponding to the fits depicted in Figure 4.25, and tabulated in Table 4.7,
are indicated with the solid points. Results corresponding to Cody et al. [12] are
shown with the open points. The fit values, corresponding to the other experimen-
tal data from Viturro and Weiser [59], depicted in Figure 4.27, and tabulated in
Table 4.8, are indicated with the asterisks.
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Figure 4.27: The 9 other experimental PECVD a-Si:H optical absorption data sets

from Viturro and Weiser [59] are depicted with the open points. The fits to these
data sets are depicted with the corresponding solid lines.
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Table 4.8: The DOS modeling parameters corresponding to the other data sets
from Viturro and Weiser [59] are tabulated.

’ Data Set \ E, (eV) \ v (meV) ‘
1 1.5335 152.5
1.5514 120.5
1.5490 130.9
1.5853 110.9
1.5913 93.9
1.6613 80.9
1.7113 78.1
1.6303 101.1
1.6373 81.1

© 00 O T = W N

For sufficiently large levels of disorder, i.e., for vy in excess of 100 meV, the energy
gap values of Viturro and Weiser [59] place an upper bound on those determined
by Cody et al. [12]. Moreover, a saturation in the energy gap dependence on 7y is
observed. No saturation is observed for the case of Cody et al. [12].

There are a number of reasons why such a deviation may occur. First, it is noted
that the samples of Viturro and Weiser [59], from whence these optical absorption
spectra were determined, are not PECVD a-Si:H. While the samples were definitely
a form of a-Si:H, they were deposited using a direct synthesis reaction between
silicon and hydrogen in a high vacuum. Conventional PECVD a-Si:H, however, is
fabricated using a plasma in which silane atoms are decomposed. This difference
in the nature of the preparation of the samples could play a role in influencing the
resultant optical properties. As a result, the relationship between the energy gap,
E,, and the breadth of the valence band tail, vy, determined using the experimental

optical absorption spectra of Cody et al. [12], may be considerably different from
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that determined using the experimental optical absorption spectra of Viturro and
Weiser [59].

Another possible factor, contributing to differences between the trend observed
by Cody et al. [12] and that corresponding to the experimental optical absorp-
tion spectra of Viturro and Weiser [59], is the fact that the samples of Viturro
and Weiser [59] may have been influenced by distributions of defect states. An
examination of the two leftmost experimental data sets of Viturro and Weiser [59]
depicted in Figure 4.27, shows that there is some deviation between the experi-
mental data and the theoretical fits observed at the lowest values of the optical
absorption coefficient. These deviations hint at the presence of distributions of
defect states. The apparent breadth of the optical absorption tail is strongly influ-
enced by the presence of defect states, i.e., the breadth of the optical absorption
tail increases with broader distributions of defect states, and thus, some of the
larger values of vy, observed in Figure 4.26, may be due to the presence of defect
absorption. Note that the large values of ~y is where the energy gap saturation,
observed in Figure 4.26, occurs.

There is another aspect of the analysis of Cody et al. [12] that could also
contribute to this difference. The optical absorption spectra of Cody et al. [12]
presented experimental optical absorption values between 10? and 2 x 10* em™*;
recall Figure 4.25. The optical absorption spectra corresponding to Viturro and
Weiser [59], for the large values of 7y determined, correspond to optical absorption

1

values between 10° and 3 x 10* ecm~!. The range of the data employed plays an

important role in determining the DOS modeling parameters. This is particularly
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true if there is a curvature in the optical absorption experimental data that lies
beyond the framework of the present analysis.

Finally, it should be pointed out that the exact means whereby Cody et al. [12]
determined their energy gap and tail breadth differs from that employed here.
The energy gap determined by Cody et al. [12] was the Tauc gap [40]. The optical
absorption tail breadth determined by Cody et al. [12] was the Urbach tail breadth.
While this energy gap and tail breadth are similar to those determined here, there
are differences, and these differences could contribute to the differences in the
trends observed here and that observed by Cody [12]. Further analysis on this
point would be necessary in order to identify how these differences in the definitions
contribute to the observed trends, however.

The energy gap associated with PECVD a-Si:H plays an important role in
determining the efficiency of a solar cell. Photons with energies lower than the
energy gap will not be absorbed by the material, and thus, will simply pass through;
for the case of a disordered semiconductor, such as PECVD a-Si:H, this is not quite
the case, as the tails in the optical absorption spectrum will lead to some sub-gap
optical absorption. Thus, the result depicted in Figure 4.26 provides some insight
into the trade-off between amount of disorder that is present and the corresponding

solar cell efficiency.

4.10 A quantitative characterization of the optical absorption spec-

trum associated with PECVD a-Si:H

In the course of a comparative study on the optical absorption spectra corre-

sponding to three different bulk chalcogenide amorphous semiconductors, Wood

179



and Tauc [60] found that each of the spectra considered exhibits three distinct
regions of behavior. The low optical absorption region (region I), where a(fiw) <

1 is related to the defects and impurities which characterize these mate-

1 ecm™
rials. It exhibits a spectral dependence that varies critically with the deposition
conditions. For the mid optical absorption region (region II), however, where
1 em™! < a(hw) < 10* em™!, there is a dramatic exponential increase in the
optical absorption spectrum corresponding to increases in hw, this being due to
the optical transitions involving the electronic states encroaching into the gap re-
gion [16, 17, 44, 45, 46, 61, 62, 63]. Finally, for the high optical absorption region
(region III), where a(hiw) > 10* cm™?, the optical absorption spectrum continues
to increase monotonically with the photon energy in an algebraic rather than an
exponential manner. Optical transitions between the bands are responsible for
this functional dependence [18]. A representative optical absorption spectrum,
corresponding to PECVD a-Si:H, is depicted in Figure 4.28, the three regimes of
behavior being clearly depicted [64].

This taxonomy of Wood and Tauc [60], which found its genesis in empirical
observation, applies to a surprisingly broad range of amorphous semiconductors. In
Figure 4.29, for example, the optical absorption spectrum associated with a sample
of PECVD a-Si:H is depicted, the three regions suggested by Wood and Tauc [60]
being clearly identified [58].2 While this taxonomy has been used extensively by
researchers in the field, the boundaries between these regions of behavior have yet

to be satisfactorily characterized. This is unfortunate, as it is often necessary to

2The experimental data in Figure 4.29 corresponds to the standard glow discharge a-Si:H data
set presented in Figure 5.2 of Remes [58], i.e., it corresponds to PECVD a-Si:H. It should be
noted that the exact ranges of a(hw) corresponding to the three different regions of the optical
absorption spectrum may differ from material to material and from sample to sample.
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Figure 4.28: The optical absorption spectrum associated with PECVD a-Si:H. The
three distinct regions of behavior, suggested by Wood and Tauc [60], are clearly
indicated. The experimental data, determined from direct measurements of optical
transmission, from the collection efficiency, and from the photoconductivity of the
diode and coplanar structures, are from Abeles [64].
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Figure 4.29: The determination of the breadth of the optical absorption tail for a
number of different ranges of optical absorption. The PECVD a-Si:H experimental
data, depicted with the open points, is from Remes [58]. The linear least-squares
fit of Eq. (4.15) to this experimental data are taken over the ranges 1 x 107!
em™ < a(fw) <3 x 107 em™2 x 10° em ™! < a(fw) < 8 x 10° em ™!, 1 x 10!
em™! < a(fiw) < 8 x 108 em™ 4 x 10?2 em™! < a(fw) < 2 x 10* em™!, and
8 x 10% em™! < a(hw) < 2 x 10 cm™, the resultant fits, labeled 1, 2, 3, 4, and 5,
respectively, being depicted with the light solid lines. The E, values found, for fits
1,2, 3,4, and 5, are 187+9 meV, 52+3 meV, 43+2 meV, 67+2 meV, and 11943
meV, respectively. The upper bound result, depicted with a light dotted line,
corresponds to the DOS modeling parameter selections Nyo = N¢o = 2.0 x 10%2
cmeV=3/2 By = 0.0 eV, Ec = 1.5 €V, vy = 60 meV, and ¢ = 27 meV. The
lower bound result, also depicted with a light dotted line, corresponds to the DOS
modeling parameter selections Nyo = Neo = 4.0 x 1022 cm2eV=3/2, By = 0.0
eV, Ec = 1.9 eV, 7w = 40 meV, and ¢ = 27 meV. It is found that one is
able to satisfactorily capture the experimental results of Remes [58] with the DOS
modeling parameter selections Nyo = 2.38 x 10?2 cm3eV =32, By = 0.00 eV,
Ee = 1.66 eV, v = 43 meV, and v = 27 meV. This fit is also depicted with a
light dotted line. 182



distinguish between the various regions in the taxonomy of Wood and Tauc [60].
The distinction between region I and region II, for example, needs to be well defined
if one wishes to discern between defect absorption and optical absorption related
to the distributions of electronic states that encroach into the otherwise empty
gap region of an amorphous semiconductor. The distinction between region II
and region III also needs to be well defined if one wishes to delineate between
optical absorption related to tail states and that related to band-to-band optical
transitions [62].

In this section, a quantitative means of characterizing the classification scheme
of Wood and Tauc [60] is proposed. In particular, following-up on an observation
of Roxlo et al. [65], for a representative PECVD a-Si:H optical absorption exper-
imental data set, through a series of linear least-squares fits of an exponential
function to the optical absorption spectrum, taken over a number of optical ab-
sorption ranges, how the breadth of these exponential fits varies along the optical
absorption spectrum of a-Si:H is determined; effectively, the reciprocal of the loga-
rithmic derivative of the optical absorption spectrum is evaluated as a function of
the optical absorption spectrum for the case of PECVD a-Si:H. It is found that the
quantitative variations in the breadth of the exponential fits provides for a clear
delineation between the different regions of the classification scheme of Wood and
Tauc [60]. The analysis is completed by theoretically determining the form of the
optical absorption spectrum using the JDOS functions corresponding to PECVD
a-Si:H, this providing a theoretical basis for the interpretation of the results. This
analysis builds upon the determination of the spectral dependence of the optical

absorption coefficient that was presented in Section 4.9

183



In the interests of quantitatively characterizing region II, researchers have found
it instructive to fit an exponential function to their experimental optical absorption

data. That is, the function

a(hw) = a, exp <Z—“) : (4.15)

is fit to experimental optical absorption data, where «, denotes a pre-exponential
factor and F, represents the breadth of the optical absorption tail. While ex-
tensive theoretical analyzes have suggested that region II is purely exponential in
character [66, 67, 68], Roxlo et al. [65] noted, for the specific case of PECVD a-
Si:H, that the optical absorption tail breadth, E,, varies critically with the range
of optical absorption values over which the fit of Eq. (4.15) to the experimental
optical absorption data is taken. In particular, for their PECVD a-Si:H data set,
Roxlo et al. [65] found that while fitting Eq. (4.15) to their experimental data, for
2x102 cm™ < a(hw) < 3x10% em™!, yielded E, equal to 60 meV, fitting Eq. (4.15)
to the same experimental data set, for 2 x 10° em™ < a(fw) < 1 x 10% ecm™!,
yielded FE, equal to 48 meV. This result hints at a logarithmic curvature in the
PECVD a-Si:H optical absorption spectrum, a/(fw).

While a logarithmic curvature in the optical absorption spectrum of PECVD a-
Si:H may very well account for the observation of Roxlo et al. [65], it is also possible
that absorption corresponding to regions I and III is influencing the determination
of E,. The exact ranges of a(hw) corresponding to the three different regions of the
optical absorption spectrum depend critically on the material and the particular
sample being considered. Thus, while Wood and Tauc [60] find, for their bulk

chalcogenide amorphous semiconductor samples, that regions I, I, and III of the

optical absorption spectrum correspond to a(fw) < 1em™, 1 em™ < a(hw) < 101
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em™ ! and a(fw) > 10* cm™!, respectively, for other materials and samples, these
ranges may differ. In addition, it should be noted that the boundaries between
these regions may not be abrupt, regions I, II, and III possibly occurring over
overlapping ranges of a(hw); as the regions possibly overlap, “contamination” may
occur, the obtained value of F, corresponding to region II possibly being influenced
by optical absorption corresponding to regions I and III. In order to develop some
insight into this, a number of fits of Eq. (4.15) to a PECVD a-Si:H experimental
data set will be performed over a variety of optical absorption ranges. From the
variations in the optical absorption tail breadth, FE,, it is hoped to be able to
observe boundaries in the optical absorption spectrum between regions I, II, and
I1I.

For the purposes of this analysis, one representative PECVD a-Si:H data set,
this experimental data set being from Remes [58], is considered in this analysis.
This PECVD a-Si:H experimental optical absorption data set is depicted in Fig-
ure 4.29. Representative linear least-squares fits of Eq. (4.15) to this experimental
data set, taken over various ranges of the optical absorption spectrum, are de-
picted. Each such fit is performed for amin < a(hw) < max, Where appin and apax
denote the lower and upper fit limits, respectively, these limits varying from fit to
fit. It is clear that there are large variations in the obtained value of E,, these re-
flecting the curvature in the optical absorption spectrum associated with PECVD
a-Si:H. In Figure 4.30, the dependence of E, on « is plotted, the representative fits
depicted in Figure 4.29 being a subset of the total number of linear least-squares

fits of Eq. (4.15) to the experimental data that was performed; the geometric mean
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of o, and amax, 1.€., \/Qminmax, is taken as the representative optical absorption
value corresponding to each fit.

As most theoretical analyzes suggest a purely exponential optical absorption
tail over region II [66, 67, 68|, the region of relatively constant F, is interpreted
as corresponding to “uncontaminated” region II, i.e., without any influence from
regions I and III. In Figure 4.30, this region is seen to extend from 8 to 80 cm™,
the corresponding characteristic value of F, being 42+ 2 meV. Concomitantly, the

I and

increases in F,, corresponding to optical absorption values less than 8 cm™
greater than 80 cm ™!, are viewed as signaling that optical absorption corresponding
to regions I and III, respectively, are making an impact. Similar results are found
for other PECVD a-Si:H data sets, although the exact numerical values of FE,,
and the range of optical absorption values over which “uncontaminated” region II
extends, vary from sample-to-sample. Thus, the approach employed offers a means
of delineating between regions I, II, and III.

In order to provide some theoretical structure for the interpretation of these
experimental results, the optical absorption spectrum corresponding to PECVD
a-Si:H is modeled. For the purposes of this analysis, the previously developed
formalism for the JDOS function, J(hw), is used in order to determine the spectral

dependence of the optical absorption coefficient, a(fuww). The corresponding optical

absorption spectrum is then evaluated by noting that

a(hw) = D (hw)J (hw), (4.16)
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Figure 4.30: The dependence of E, on a. The data points, depicted with the
open points, correspond to the fit of Eq. (4.15) to the experimental data for var-
ious ranges of optical absorption. Results corresponding to the representative
fits depicted in Figure 4.29 are shown with the asterisk points, the corresponding
error bars being explicitly shown for these particular points. The evaluation of
Eq. (4.18), for the case of the upper bound result, i.e., for the DOS modeling pa-
rameter selections Nyo = Neo = 2.0 x 1022 cm3eV 32, By = 0.0 eV, Ec = 1.5
eV, vw = 60 meV, and 7¢ = 27 meV, is shown with a heavy solid line. The
evaluation of Eq. (4.18), for the case of the lower bound result, i.e., for the DOS
modeling parameter selections Nyo = Neo = 4.0 x 102 cm2eV~3/2 Ey = 0.0
eV, Ec = 1.9 eV, v = 40 meV, and ¢ = 27 meV, is also shown with a heavy
solid line. The evaluation of Eq. (4.18), for the case of this fit with the ex-
perimental results of Remes [58], i.e., for the DOS modeling parameter selections
Nyo = Neo = 2.38x 102 cm™3eV =32 By = 0.0 eV, Ec = 1.66 eV, v = 43 meV,
and v = 27 meV, is shown with the dotted line.
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where D?(hw) may be related n(hw), ¢, and w, i.e., from Egs. (3.9) and (4.14), it
may be seen that

W

2 _ —45
D?(hw) = 4.3 x 10 e

R2(Aw). (4.17)

With some reasonable assumptions made regarding the spectral dependence of
D?*(hw) [45, 49, 50], the resultant optical absorption spectrum may be determined.

In Figure 4.29, this theoretical result is contrasted with the experimental results
of Remes [58]. Three different DOS modeling parameter selections are used for the
purposes of this comparison, these DOS modeling parameter selections spanning
over the range of values expected for the case of PECVD a-Si:H; (1) Nyo = Nco =
2.0 x 102 em™3eV32 Ey = 0.0 eV, Ec = 1.5 eV, 7w = 60 meV, and v =
27 meV, this forming a loose upper bound to the experimental results of Remes [58],
(2) Nyo = Neo = 4.0 x 102 cm™3eV3/2, By = 0.0 eV, Ec = 1.9 eV, vy =
40 meV, and e = 27 meV, this forming a loose lower bound to the experimental
results of Remes [58], and (3) Nyo = Neo = 2.38 x 102 cm3eV~3/2 By =
0.0 eV, Ec = 1.66 €V, 7w = 43 meV, and v = 27 meV, this selection of DOS
modeling parameters being made in order to fit the theoretical result with the
experimental results of Remes [57, 58]; this selection of DOS modeling parameters
almost coincides with that set forth in Table 4.3, except the E¢ value employed for
this analysis is a little lower than that specified in Table 4.3. For the specific case
of the fit, i.e., Nyo = Nco = 2.38 x 10?2 ecm3eV /2, By = 0.0 eV, Ec = 1.66 €V,
v = 43 meV, and v = 27 meV, it is noted that while there are substantive

differences observed for a(hw) < 1 cm™!

, i.e., region I, where defect absorption
plays a critical role in influencing the form of the optical absorption spectrum,

for most of regions II and III the agreement is reasonably satisfactory, the minor
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discrepancies found probably being attributable to the overly simplistic selection
of D?(hw); recall that defect states are not accounted for in the empirical model
for the DOS functions.

In order to further quantitatively contrast the results of the theoretical anal-
ysis with those of experiment, the breadth of the optical absorption spectrum is
redefined as the inverse logarithmic derivative of a(hw) at a particular value of a,

ie.,

_ [dinfa(hw)]]™

noting that this revised definition for E,, while consistent with Eq. (4.15), provides
for an analytical means whereby the evaluation of F,, corresponding to the theo-
retical analysis, may be facilitated. Plotting F, as a function of « in Figure 4.30,
it is found that one is generally able to account for the increases in F, as the
optical absorption values move beyond “uncontaminated” region II, i.e., as optical
absorption corresponding to region III starts to influence the results. It is noted,
however, that discrepancies between the theoretical and experimental results are
observed; the minor discrepancies between the theoretical optical absorption re-
sult and those of experiment account for these quantitative differences, the minor
discrepancies observed in Figure 4.29 being amplified by the differential operator
employed in Eq. (4.18). Nevertheless, it is found that the determined values of E,
are essentially sandwiched between the upper bound and lower bound results. As
defect absorption is not included in the DOS model, no increases in E, correspond-
ing to optical absorption values below region II occur. However, it seems plausible

that if the empirical DOS model was modified in order to include defect states
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that such an increase in F, would be noted as the influence of region I optical
absorption becomes apparent.

Following-up on the observation of Roxlo et al. [65], it is found that through the
fitting of Eq. (4.15) to an optical absorption PECVD a-Si:H experimental data set,
over a number of ranges of the optical absorption spectrum, a means of delineating
between regions I, II, and III of the optical absorption spectrum is obtained. In
particular, it is found, for the PECVD a-Si:H experimental optical absorption data
set that was considered, that the “uncontaminated” region II occurs between 8 to
80 cm ™, the corresponding characteristic value of E, being 4242 meV. This result
suggests that the fit of Eq. (4.15) between 2 x 10> ecm ™! < a(hw) < 3 x 10? ecm™!
of Roxlo et al. [65], yielding an E, equal to 60 meV, was “contaminated” with
region III optical absorption. In addition, it suggests that the fit of Eq. (4.15)
between 2 em™! < a(fiw) < 10° em™! of Roxlo et al. [65], yielding an E, equal to
48 meV, may have been “contaminated” both with region I and region III optical
absorption. Given that this latter fit, i.e., 2 em™! < a(hw) < 10? cm™!, was more

closely centered about the 8 to 80 cm™*

optical absorption range than the other
fit, i.e., 2 x 102 em™! < a(Aw) < 3 x 103 em™!, it should come as no surprise that
the E, value determined from the latter fit of Roxlo et al. [65], i.e., 48 meV, is
more similar to the 42 + 2 meV determination than the other fit.

It should be pointed out that the analysis presented here could potentially help
in improving the performance of amorphous semiconductor based electron devices.
In particular, the “uncontaminated” value of E, corresponding to region II plays

a crucial role in determining the performance of solar cells. In large measure,

the performance of a solar cell may be determined by: (1) the generation rate of
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electron-hole pairs within the active electronic material, and (2) how readily these
generated charge carriers may be extracted from this material. The larger that E,
is, the greater the absorption, and the greater the corresponding electron-hole pair
generation rate. Unfortunately, greater F, usually corresponds to greater amounts
of disorder, and this detracts from the ability of the carriers to be extracted from
the material, i.e., the transport becomes poorer. Clearly, there is a trade-off at
play, as was alluded to earlier by Cody et al. [12]. The determination of an optimal
value for F, remains a subject of investigation. This quantitative characterization
tool may help in this quest.

Finally, attention should be drawn to a limitation of this analysis. Since the
pioneering work of Tauc et al. [40], square-root distributions of band states have
been assumed in many amorphous semiconductor analyses. There is reason to
believe that in many amorphous semiconductors that there may be deviations
from this assumption. Singh [69], for example, points out that the exact form
of the DOS functions depends critically on the material system. The empirical
DOS model that is employed here for the purposes of this analysis, i.e., Egs. (4.3)
and (4.4), assume square-root distributions of band states. Perhaps this limitation
in the analysis may account for some of the differences that are observed between
the theoretical results and that of experiment. This will have to be investigated

further in the future.

4.11 Effective mass determinations

In the study of crystalline semiconductors, the effective mass of the electrons

and holes plays an important role in determining the properties of these materials.
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In a crystalline semiconductor, the effective masses associated with the holes and
electrons provides a measure of the sharpness of the parabolic form of the band
maximum associated with the valence band and the band minimum associated
with the conduction band, respectively, the sharper these parabola, the lower the
effective masses. For the case of a-Si:H, kis a poor quantum number, and, as a
consequence, bands, in the crystalline sense of the word, do not exist. Nevertheless,
using the DOS prefactor selections, they can be defined for the case of PECVD
a-Si:H, as was previously suggested by Malik and O’Leary [48].

Following the analysis of Malik and O’Leary [48], the hole and electron DOS
effective masses may be readily ascertained from the valence band and conduction
band DOS functions, Ny(F) and N¢(E), respectively. Assuming parabolic bands,
as in the case of a crystalline semiconductor, it can be shown that the valence band
DOS prefactor,

m;kf:a/z
Nyo = ﬂW’ (4.19)
and that the conduction band DOS prefactor

*3/2

_ /oM
Neo = ﬂW’ (4.20)

where m3, and mg, represent the valence band and conduction band DOS effective
masses, respectively; recall Eq. (2.15), the free-electron DOS model. The fits
depicted in Figures 4.3 and 4.4, by fitting Eqs. (4.7) and (4.8) to the square of
the experimental PECVD a-Si:H DOS results of Jackson et al. [49], correspond
to DOS effective mass selections m3, = 2.59 m, and m{ = 3.02 m,., where m,
denotes the free electron mass; the errors in these determinations are 0.25 m, and

0.40 m,, respectively; the symmetric DOS parameter selections of O’Leary [46],
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i.e., Nyo = Neco = 2.38 x 10%2 ecm eV ~3/2 are not employed as the asymmetries
which occur play an important role in determining the corresponding effective
masses, but play no role in influencing the form of the JDOS function. These
results contrast rather dramatically with the case of c-Si, for which m3, = 0.56 m,
and m¢ = 1.08 m, [70]. A comparison of these DOS effective masses, for the
cases of PECVD a-Si:H and c¢-Si, is depicted in Figure 4.31. Similar results were
obtained by Malik and O’Leary [48].

The exact reasons for the differences in the effective masses are at present
unknown. Noting that the effective mass of carriers deeper into the bands is
greater than those near the band edges, one could speculate that the fact that the
greater energy gap associated with PECVD a-Si:H rather than c-Si is leading to a
sampling of the ‘pseudo’ band structure associated with a-Si:H into regions with
much heavier effective masses. A detailed theoretical analysis of this issue, which

is beyond the scope of this thesis, would be interesting.
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Figure 4.31: A comparison of the DOS effective masses associated with PECVD
a-Si:H and c-Si.
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5. CONCLUSIONS

In this thesis, a quantitative analysis of the optical response of amorphous
semiconductors was presented. The entire analysis was cast within the framework
of an empirical model for the valence band and conduction band DOS functions,
Ny (E) and N¢(E), respectively, that captures the basic features expected of these
functions. A novel aspect of this analysis was the introduction of the density of
localized valence band electronic states, nygr, and the density of localized conduc-
tion band electronic states, ncgr, and the establishment of a means of evaluating
these densities from knowledge of the DOS functions coupled with the locations of
the valence band and conduction band mobility edges, Ev, and E¢,, respectively.
The determination of the contributions to the JDOS function attributable to the
VBE-CBE, VBE-CBL, VBL-CBE, and VBL-CBL optical transitions, as a function
of the location of these mobility edges, was another novel feature of this analysis.
This formalism was then applied in order to determine the spectral dependence
of the normalized dipole matrix element squared average, ??(hw). A means of
determining the spectral dependence of the optical absorption coefficient, o(hw),
was also provided. Finally, the DOS and JDOS formalisms that were developed
were applied to the specific case of PECVD a-Si:H, this being the most widely used
amorphous semiconductor at present, and conclusions were drawn concerning the
nature of this particular material.

In Chapter 2, the empirical model for the valence band and conduction band
DOS functions, Ny(FE) and N¢(E), respectively, was introduced. This empiri-

cal model for these DOS functions, which is used throughout the entire thesis,
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captures the basic features expected of these functions. In particular, it exhibits a
square-root functional dependence in the band states and an exponential functional
dependence in the tail states, the breadths of these tails reflecting the amount of
disorder that is present. In the valence band, two types of states occur, VBE
and VBL, these states being separated by the valence band mobility edge, Evy,.
Similarly, in the conduction band, two types of states occur, CBE and CBL, these
states being separated by the conduction band mobility edge, F¢,. From knowl-
edge of the location of the mobility edge associated with the valence band, Ey,,
the empirical model for the valence band DOS function was employed in order to
evaluate the density of localized valence band electronic states, nypy. Similarly,
from knowledge of the location of the mobility edge associated with the conduc-
tion band, E¢,, the empirical model for the conduction band DOS function was
employed in order to evaluate the density of localized conduction band electronic
states, ncpr,. The sensitivity of nypr, to the location of the valence band mobil-
ity edge, Ev,, and the sensitivity of ncpy, to the location of the conduction band
mobility edge, F¢,, was then explored.

Then, in Chapter 3, the valence band and conduction band DOS functions,
Ny (FE) and Nc¢(F), respectively, were related to the spectral dependence of the
imaginary part of the dielectric function, es(hw), this being a key function in
the characterization of the optical response of an amorphous semiconductor. The
JDOS function, J(Aw), was introduced as a corollary. Then, within the frame-
work of the empirical model for the DOS functions, the spectral dependence of the
JDOS integrand, Ny (E)Nc(E + hw), and the JDOS itself, J(hw), was examined.

Noting that four types of optical transitions are possible within the framework
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of the empirical model for the DOS functions, i.e., VBE-CBE optical transitions,
VBE-CBL optical transitions, VBL-CBE optical transitions, and VBL-CBL opti-
cal transitions, a means of determining the contributions to the JDOS function
corresponding to these four different types of optical transitions was developed,
the dependence of these contributions on the valence band and conduction band
mobility edges, Ev, and F¢,, respectively, being probed. Using this formalism, in
conjunction with an elementary model for the optical transition matrix elements,
the spectral dependence of the normalized dipole matrix element squared aver-
age, R%(hw), was then demonstrated. Finally, a means of evaluating the spectral
dependence of the optical absorption coefficient, «(hw), this being another im-
portant function in the characterization of the optical response of an amorphous
semiconductor, was provided.

In Chapter 4, the DOS and JDOS formalisms, developed in the previous chap-
ters, were applied to the specific case of PECVD a-Si:H, this being the most
widely used amorphous semiconductor at present. The analysis started with a
determination of the underlying DOS modeling parameters from the experimental
PECVD a-Si:H DOS results of Jackson et al. [49]. Then, the JDOS corresponding
to PECVD a-Si:H was computed and compared with that determined by Jackson
et al. [49]. The JDOS function contributions, corresponding to the VBE-CBE,
VBE-CBL, VBL-CBE, and VBL-CBL optical transitions, were then evaluated for
the specific case of PECVD a-Si:H. The spectral dependence of the normalized
dipole matrix element squared average, R*(fw), was also examined for the specific

case of this material, the sensitivity of this spectral dependence to the location of
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the valence band and conduction band mobility edges, Ev, and E¢,,, respectively
being examined.

Then, three interesting applications of this formalism were presented. For the
first application, we examined how variations in the spectral dependence of the nor-
malized dipole matrix element squared average, R?(hw), impact upon the spectral
dependence of the optical properties associated with PECVD a-Si:H. It was also as-
certained as to whether or not the PECVD a-Si:H mobility gap result suggested by
Jackson et al. [49] is consistent with the results of experiment. We found that the
mobility gap value suggested by Jackson et al. [49] is too large. An upper bound on
the mobility gap associated with PECVD a-Si:H of 1.68 eV was suggested instead.
Electrical measurements, performed by others on undoped PECVD a-Si:H, were
shown to yield mobility gap values that are consistent with this bound. For the
second application, a quantitative means of characterizing the optical absorption
spectrum associated with an amorphous semiconductor was proposed. In particu-
lar, for a representative PECVD a-Si:H optical absorption experimental data set,
through a series of linear least-squares fits of an exponential function to this ex-
perimental data set, taken over a number of optical absorption ranges, how the
breadth of the optical absorption tail varies along the optical absorption spectrum
of PECVD a-Si:H was examined. It was found that the quantitative variations in
the breadth of the optical absorption tail that are found provide for a clear delin-
eation between the different regions of the optical absorption spectrum of PECVD
a-Si:H. This analysis was completed by theoretically determining the form of the

optical absorption spectrum using the DOS and JDOS formalism for the specific
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case of PECVD a-Si:H, this analysis providing a theoretical basis for the interpre-
tation of the results.

A third and final application of the results determined in this thesis focused
on the determination of the effective masses associated with the electrons and
holes within PECVED a-Si:H. Employing the DOS prefactor values that the fits
with the experimental PECVD a-Si:H DOS results of Jackson et al. [49] produced,
these effective masses were found to be (3.02 £ 0.40)m, and (2.59 &+ 0.25)m,, for
the electrons and holes, respectively. These values were noted to be much greater
than those associated with ¢-Si suggesting something fundamental to the character
of PEVD a-Si:H that plays a role in this. A speculation as to the source of this
observation was provided.

Within the framework of the DOS and JDOS formalism that has been devel-
oped within the body of this thesis, there are a variety of issues that could be
further examined. In general, these issues include further developments to the
empirical DOS model itself, further analysis using the already developed DOS and
JDOS formalism, and an examination of the device implications of this formalism.
Clearly, there a wide array of topics of interest that could be considered within
the framework of these overarching research themes. Three issues that are par-
ticularly prescient at the present moment have been identified. These issues are:
(1) the implementation of further refinements to this formalism, these refinements
addressing some of its shortcomings, (2) the application of this formalism to a
broader range of amorphous semiconductors, and (3) the device implications of

this formalism. Each of these topics is further discussed below.
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Further refinements to the empirical model for the DOS functions, that address
its shortcomings, would be useful. As was seen in Chapter 4, the assumption of
square-root band DOS functions for PECVD a-Si:H was shown to be only valid
in the immediate range of the valence band and conduction band band edges, Fx
and F¢, respectively. Beyond these narrow square-root regions, however, dramatic
departures from the square-root functional form were observed. These differences
likely arise as a consequence of the finiteness of the bands. Developing an empir-
ical model for the valence band and conduction band DOS functions, Ny (E) and
Nc(F), respectively, that takes into account the finiteness of the bands, would al-
low for the development of an empirical model for these DOS functions that more
adequately captures the results of experiment. The inclusion of defect states would
also be a useful addition to the empirical model for the DOS functions. With these
refinements, the resultant JDOS function, J(hw), would be in greater accord with
that of experiment.

The applicability of this formalism to other amorphous semiconductors of in-
terest would certainly be a topic worthy of further investigation. Unfortunately,
at the present moment, the DOS functions associated with other amorphous semi-
conductors have yet to be determined with the degree of thoroughness with which
PECVD a-Si:H was investigated. Experimental determinations of these DOS func-
tions would allow for the determination of the DOS modeling parameters corre-
sponding to other amorphous semiconductors of interest. The resultant JDOS
function, J(Aw), would then be evaluated, and, from such an analysis, the spectral
dependence of R?(hw) could be ascertained. From such an analysis, it is hoped to

determine whether of not Eq. (3.9) applies to a broad range of materials
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Finally, how the presence of localized electronic states within an amorphous
semiconductor detracts from the performance of an amorphous semiconductor
based electron device could be examined. As the charge carriers, be they electrons
or holes, that reside within localized electronic states are not able to participate in
the usual charge transport processes, i.e, they remain localized, the performance
of an electron device will be degraded through the introduction of these types of
electronic states. This degradation occurs as a natural consequence of the disorder
that is present within these materials, i.e., their atomic distributions are disor-
dered, and, as a consequence, localized electronic states are present. The JDOS
formalism that has been developed within this thesis will allow for the quantitative
evaluation of how these localized electronic states detract from the corresponding
device performance. A comparison with the results of experiment may be used in

order to validate this analysis.
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