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ABSTRACT

We have reviewed the current theory on the dark conductivity and
photoconductivity of a-Si:H thin films, including the processes of
hopping, absorption, thermalization, quantum efficiency and electron
recombination. We have also reviewed the recent literature dealing with
the affect of temperature, light intensity, photon energy and electric

field on the photoconductivity.

In the analysis of our observations, as reported in chapters three
and four, we have found the following results. The films which are
fabricated in conditions below electron cyclotron resonance (ECR) tend to
be microcrystalline, whereas the films deposited in conditions above ECR
will be amorphous. The films grown at ECR consist of two sizes of
microcrystallites in an amorphous matrix. The dark conductivity and
photoconductivity values are edual to the best quality RF films. For the
amorphous (a-Si:H) films, the effects of temperature, light intensity and
photon energy on the photoconductivity reveal the following
characteristics of the localized gap states. As the equilibrium Fermi
level decreases in the gap due to changing deposition conditions, the
slope of the Urbach edge decreases and the structure at 1.3eV becomes
sharper, eventually becoming a peak at EFO=O.96eV below EC. These changes
can be correlated to hydrogen incorporation. Above midgap, there is a
maximum in the gap state density at 0.46eV below E and a minimum at

c
0.28ev below E .
c



(v)

New interpretations of both the light intensity dependence and the
temperature dependence of the photoconductivity have been developed. We
have reproduced an earlier equation due to Rose (1963), for several
conditions, and therefore have shown that the equation has a broader use
than previously supposed. As well, we have shown that the low temperature
PC maximum is not necessarily caused by a change in the recombination

levels.
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CHAPTER 1: INTRODUCTION

A material which has a disordered structure can be described as
vitreous, glassy, or amorphous. The word "amorphous" will be used to
specify a disordered material which does not exhibit a definable
thermodynamic phase (LeComber and Mort, 1971). Silicon does exist in four
phases, however; these being the crystalline, polycrystalline,
microcrystalline and amorphous phases. Structurally, the crystalline
phase is defined as exhibiting long-range periodic atomic order, whereas
the amorphous structure is defined as lacking this long-range order. In
between these two extremes lie the other two phases. Polycrystalline
silicon is composed of many large crystallites which are in random
orientations, yet are in contact with each other. Microcrystalline
silicon is composed of many smaller crystallites, each one either
surrounded by amorphous.silicon or in contact with other crystallites. An
approximate crystallite size threshold is ~300A, below which the phase
would be microcrystalline. Crystalline silicon (c-Si) is the best
understood of the four phases and is the material commonly used for

integrated circuits and other electronic devices.

The scientific study of a-Si began around 1965 and gained interest
through the 1970's. One important problem which existed was the inability
to dope the amorphous films. Because of the large concentration of gap
states, caused by unfulfilled, or dangling, bonds, the Fermi level was
pinned at a specific energy in the gap. In 1975, Spear et al (1975) were
the first to incorporate n or p type dopants into a-Si:H by glow discharge

in a gas mixture, such as PH; (phosphine) or B,H, (Diborane). The



incorporation of hydrogen into silicon to form hydrogenated amorphous
silicon (a-Si:H) was originally fabricated by Chittick et al (1969).

Since that time a large research effort has been directed toward the study
of the properties of both undoped and doped a-Si:H. This research effort
has led to several device applications, including solar cells and
xerographic films (Hamakawa, 1985; Oda et al, 1981), and to a new
direction of research, such as quantum well and multilayer structures

(Ogina et al, 1985).

Microcrystalline Silicon QPC—Si) was also discovered before 1970
(Veprek and Maracek, 1968) but did not gain immediate interest. Today,
possible applications include its use in multilayer structures, a coating
for solar cells (Hamakawa, 1982) and as a connection material for Very

Large Scale Integrated (VLSI) devices.

Despite almost two decades of study, very little can be concluded
about the electronic properties of these materials. Even the basic theory
of conduction is still in dispute. However it is necessary to make some
assumptions about the material properties preceeding the study. Firstly,
it is assumed that there are band tails in the energy gap of a-5i:H,
arising from the disordered structure. Band-tails are essentially
extensions of the conduction and valence bands into the energy gap,
however they do not exhibit extended-state conduction. Instead they
conduct by a hopping process which greatly reduces the mobility of these
states. Several structural models have been proposed for a-Si:H, as can
be seen in Figure 1.1. They all include band-tail states, and thus there

is some concensus on their existence.



Secondly, it is necessary to assume some typical range for the
electron and hole mobilities in a-Si:H. A range offVI—locmZ/V.sec. for pg
and 10_4—10—3cm:?V.sec. for pp has been generally assumed (Mott and Davis,
1979). Comparing this electron mobility with that of c-31i, which is on
the order of 1OOOcm2/V.sec., we can see that the disordered structure

again markedly affects the fundamental electronic properties.

Thirdly, we expect that there will be no change in the value of the
effective density of states (DOS) at the conduction band edge or at the
valence band edge as we compare the films with each other. Because of
this assumption, any change in properties must be related to changes in
the distribution and density of localized states in the gap. Of course,
many other assumptions will be made in this thesis, but they will not be

as basic as the aforementioned three.

Despite the structural disorder of a-Si:H films the gap states still
exhibit the same processes that they would in c-Si. There are eight basic
processes of relaxation and excitation that describe the influence that
the gap states have on the electronic properties of materials, six of
which are shown in Figure 1.2. The other two processes are not included
because they infer a process of photoluminescence, which we have not
observed. If the electron absorbs a photon, phonon or a number of phonons
it will rise to a higher energy level, as shown in transitions 1, 3 and 5.
If the electron emits a photon, phonon or a number of phonons it will fall
to a lower energy level, as shown in transitions 2, 4 and 6. These six

transitions are the focus of much of this thesis.



In the following four chapters we shall present our analysis of our
observations. In chapter two we review the theories of both the dark
conductivity and the photoconductivity processes which have been put
forward to explain the electronic behaviour of a-Si:H films. In chapter
three we discuss the transition from the amorphous to microcrystalline
phase which has been achieved by changing the magnetic field in our
microwave plasma system. In chapter four we present our experimental
results on the photoconductivity of a-Si:H films, and our new model
describing the relationship between the photoconductivity and the light
intensity. The conclusions of our study are given in chapter five.
Details of the experimental methods and equipment are given in the

Appendix.
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in this diagram.) (Mott and Davis, 1879)
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CHAPTER 2: ELECTRONIC CONDUCTION IN a-Si:H FILMS

In this chapter we summarize much of the recent literature on steady
state electric conductivity and review the current explanations for dark
conductivity and photoconductivity phenomena. In Section 2.1, on dark
conductivity, we present the principles of extended-state and hopping
conduction and discuss the typical behaviour of the dark conductivity as a
function of temperature. In Section 2.2 we discuss photoconductivity and
four important processes in a-Si:H films, namely; (1) absorption; (2)
thermalization; (3) quantum efficiency; and (4) recombination. Following
this we shall discuss the effects of temperature, light intensity, photon

energy, and electric field on the photoconductivity.



2.1 Dark Condition

The dark current-voltage (I-V) characteristics of a-Si:H films are
mainly associated with two different conduction mechanisms; namely the
extended-state conduction and hopping conduction., Extended-state
conduction occurs for electrons above the conduction band edge or holes
below the valence band edge in a manner analogous to that in crystalline
materials. Hopping conduction may occur in the band tails in the
intermediate temperature range (270-230K) but it is, in general, only
dominant at low temperatures when it occurs at the Fermi level. These two
conduction mechanisms will be discussed in the next section, after which
typical results and interpretations of dark conductivity in a-Si:H films

will be briefly reviewed.

2.1.1, Extended State Conduction

As in crystalline materials, each electron can be described in terms
of a wave function which is a solution to the Schrodinger equation. The
wave functions in disordered materials, however, are not the same as those
in crystalline materials (Mott and Davis, 1979) and they have not been
solved to date. An important difference between crystalline and amorphous
silicon is the possibility of a minimum metallic conductivity in the
amorphous material arising from its disordered structure. The minimum
metallic conductivity causes a finite conductivity to exist even at
absolute zero. The theory of the minimum metallic conductivity and the

correct expression to describe it are beyond the scope of this thesis.



2,1.2 Hopping Conduction

When the Fermi energy lies in or below localized states there is the
possibility that the conduction process can be described by hopping, in
which an electron tunnels among states that lie within a few kT of each
other. We discuss two types of hopping, specifically nearest neighbour

and variable range hopping.

For nearest neighbor hopping, which occurs for strong localization,
the number of electrons jumping a distance Rj in the direction of an
applied field consists of: (a) the number of electrons per unit volume
within a range kT of the Fermi level, namely 2n(EF)kT; and (b) the

difference of the hopping probabilities in the two directions, which is

hY
i

Y expf—Z“\R.—w+qR.E\ (2.1)
h — 1
p N J T _J

where E is the applied field. The current is now found by multiplying by

q and Rj, and is thus

J = 2qR.KTN(E 0 J-2¢R.— W inh / )
qu ( F)vphexp &.2 <Rj'ji} Sinh / quE (2.2)

}
K T

For weak fields, such that quE<<kT, the current may be expressed more

simply as

J = 2q2R,2Ev N(E_)exp / -2XR, - WN\ (2.3)
j ph °F Jﬁf

Another aspect of this conduction is called variable range hopping, which

occurs at low temperatures for the condition that the thermal energy of
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hopping can only be satisfied when the electron hops some distance,

further than a nearest neighbour. The conduction depends on T as exp

1/4
(-B/T /), or, in two dimensions, as exp (—B/T1/3), in which B is given by

L 1/4
B = 1.66] ’

- - 3
A :
| KN(E) | (2.4)

where A is the decay rate of the localized wave functions and N(E?)is the
density of localized states at the Fermi level, Thus, the conductivity

can be written as

-

— 2 =2 [ 2
= q N(EF)Rjexp \\N—B/Tl/luL (2.5)

}

where §5 is the mean value of the jumping distance. For this type of
hopping the conduction for moderate fields becomes (Mott and Davis, 1979).

2 -2 /" ' - 3

/= M - |

I8 q I\(EF)Rjexp l B/Tl/él\ exp./ qE?J/R, ‘\ (2.6)
’ LT

~

.

where § is a constant, which is about 0.17, and Rj is the low field hopping
distance. Later, we shall discuss how these two mechanisms interact to

yield a dark conductivity-temperature characteristic.

For dark conduction the conductivity is expected to consist of three
components, which are: (a) a component due to electrons at the mobility

edge,

g = O’l exp {:—(EC - EF))\

(2.7
kT J
(b) a component due to electrons in the conduction band tail,
A= 2 - _
7= gNexp (- (Fy EFQ (2.8)

kT
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where NC is the effective density of states in the conduction band, E —Eg
&

is the width of the conduction band tails, and p is the hopping mobility.

Two of these terms are expressed below.

®T
N ff; N(E) dE (2.9)
uo= hqa (2.10)
KT lkT,

~
Finally, (c) a component due to conduction at the Fermi level, which has

already been given by Equation (2.5).

2,1.3 General Observations

Generally, the conductivity as a function of temperature consists of

the aforementioned three components, and can be expressed as

) R f "

~E,\ + GLexp | -

R B/p 174 (2.11)
L ’T‘ ~

= /—
f;a PSP TE LT,

kT J

exp,(—E1 ?+'7‘exp j
|

where\) = g}, N exp (5/7R), 4. is the mobility in the extended states, N_
is their effective density, and 5/is the energy gap temperature
coefficient., Equation (2.11) adequately describes the temperature
dependence of the conductivity. In general, the middle term is negligibly
small. At high temperatures the first term is dominant, and so the
activation emnergy is E1=EC—EFO , which determines the approximate position
of the Fermi level. Furthermore, from 51 we can determine the relative
change in u, and gxfor different films. At low temperatures the third

term becomes dominant. Then, from B, we can calculate the density of

states at the Fermi level with an assumed value for A
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A typical plot of u andtgéas a function of temperature is shown in

Figure 2.1. The drift mobility is expressed as (Mott and Davis, 1979).

Mg =i, €xp —Ea/kT\l (2.12)

\
\

where E, is 0.19eV for T > 240°K and 0.09eV for T < 240°K.

The kink in the drift mobility plot is a result of the change from
extended state conduction to band tail hopping. The extended state
activation energy arises from trapping in the shallow localized states
below E., whereas the band tail hopping activation energy is due to the
mechanics of the hopping process (Mott and Davis, 1979). The conductivity
curve does not show a kink at this temperature, indicating that the
temperature dependence of the mobility is not the dominant mechanism
causing the temperature dependence of the conductivity. Instead, the
conductivity temperature dependence is dominated by the Fermi level
position for temperatures above 220 k, indicating that the carrier

concentration dominates the high temperature conductivity behaviour.

In conclusion, most of the conductivity mechanisms are still under
discussion. Interpretations of many of the parameters are at odds with
the experimental evidence. A typical example of this disagreement occurs
for the conductivity prefactor 61. The value of fylis expected to remain
well-bounded in theory, between 200 and 400 S/cm (Mott and Davis, 1979),
however it shows large changes in its value from sample to sample. If the

theory is correct, this change implies that the mobility, effective
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density of states in the conduction band, or the band gap temperature
coefficient changes from sample to sample by large amounts. One attempt
to explain the variations in 61 suggests that by allowing the mobility
edge to fluctuate in space due to the presence of long-range disorder, and
by viewing the film as a network of cells connected in one of several
possible ways, the spread of the prefactor over four orders of magnitude
can be well accounted for (Overhof and Beyer, 1981). More study is needed

to successfully interpret the dark conductivity results.

2.2 Photoconduction

Photoconductivity (PC) is defined as the excess conductivity
produced by optical excitation. There are in general two mechanisms by
which this excess conductivity may take place (Bube, 1960). First, the
optical excitation may increase the density of conducting carriers by
exciting electrons and holes into conducting states. This is the dominant
process in a-Si:H, as it is in most materials. Secondly, the optical
excitation may cause a reduction in the potential barriers for conduction
in the film, either due to minority or majority carrier space charge.

This possibility is usually not discussed, therefore we do not discuss it

either.

To discuss the photoconductivity (PC) of a-Si:H films we shall
consider the following topics as forming a basis for future discussions.

These topics are absorption, thermalization, quantum efficiency and
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electron lifetime. Upon this basis we shall then discuss the effects of
temperature, photon energy, light intensity and electric field, and

analyze typical behaviour for a-Si:H films.

Considering that the photocurrent is mainly due to the flow of
electrons (with the contribution of holes neglected), the photocurrent is
given by (Mott and Davis, 1979),

Jop= QU EG' (1-R) {I/—l—-expdg—O(d;}[nr\ (2.13)
where q is the electron&bharge (1.6;x 10—199e1.),}%lis the electron
mobility (cmzyV.sec), E is the applied field (V/cm), o is the absorption
coefficient (cm_l), d is the sample thickness (cm), n is the quantum

efficiency andT is the free electron lifetime (sec).
n

2.,2.1 Absorption

For the photon energy range used for this investigation
(Eg/ZghVSZEg), the absorption occurs when an electron is excited from its
initial state, either in the valence band or in a localized gap state, to
its final state, either in the conduction band or in a localized gap
state. For this range of photon energies three separate regimes can be
defined. The first regime exists for 0.6<hv<l.4eV. Since a-Si:H has, in
general, Eg=1.7ev, we immediately recognize that the transitions must
include the localized gap states. There are three possible transitions
namely: (1) the valence band to a localized gap state, (2) a localized

gap state below the midgap to a state above midgap, and 3/a
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gap state to the conduction band. The absorption spectrum will provide
some information on the distribution of localized states in the gap,
because the optical transition matrix is proportional to the density of
the initial and final states. Several investigators have calculated the
gap state distribution based on the absorption spectra (Abeles et al,
1980; Cody et al, 1980; Loveland et al, 1973; Moddel et al, 1980;
Moustakas 1980; Pankove et al, 1980). The second regime of absorption
occurs in the range 1.4eV<hv<2.4eV. This regime is characterized by a
steady increase in the absorption coefficient from a relatively low value
(10/cm) units at hv=l.4eV to a high value (105/cm). This regime is called
the Urbach edge and the relation of ™ to hv is expressed as

1/2 (2.14)

o (hv)hVN(hv—EO)
where Eo is a fitting parameter, which is generally referred to as the
optical gap. Generally the characteristic energy of this line has a value
between 0.05eV and 0.09eV for a-Si:H (Abeles et al, 1980; Cody et al,
1980; Crandall, 1980; Mott and Davis, 1979). The presence of this region
in the absorption spectra is generally considered as indicative of
internal field broadening of the band edge excitonic absorption (LeComber
and Mort, 1971). The third regime occurs in the range of 2.4eV<hv<3.0eV.
In this range the absorption coefficient is essentially constant.
Theoretically, the constant absorption is a consequence of the very short
mean free path for electrons in a-Si:H (kL~1). This causes a relaxation
of the k- selection process for optical absorption (Mott and Davis, 1979),
which means that more optical transitions are allowed in the amorphous

state than in the crystalline state. All three regions of the absorption

spectra are shown in Figure 2.2,
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Figure 2.3 illustrates that the absorption process can be visualized
as occurring in the Coulomb well of the photoexcited hole. The electron
and hole will exert a Coulomb force on each other and the electron will
move by diffusion in this well. The hole is immobile in relation to the

electron (Carasco and Spear, 1983).

2.2.2 Thermalization

Immediately after photoexcitation the electron will be at an energy

level a E in relation to the conduction band edge, where

It

AE hv = E for hv)E 2.15
g > . ( )

AE E - E. - hv for hv{E
g 1 g

where Ei signifies the energy level of the initial state in the
transition. After the transition the electron will exchange energy with
the lattice, thereby proceeding to a new energy level where it moves in
thermal equilibrium with the lattice. This movement of the electron to an
equilibrium energy level is diffusive in nature, and is called

thermalization (Carasco and Spear, 1983).

Two parameters which characterize this thermalization process are
the thermalization distance, which is the final separation of the electron
and hole, and the thermalization time, tg. By assuming that the electron
loses one phonon quantum, hwph, per unit time, l/w, and that the hole is

immobile, the electron will thermalize by diffusion to a thermalization
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distance, r_, given by (Mott and Davis, 1979)

- 2
v (AE + ( 9 ﬁ 1/2 (2.16)
% )5

L 7 ph )\
where D is the diffusion coefficient and E is the permittivity of a-Si:H.
Alternatively, the relative value of r  can be found from (Knights and
Davis, 1974)

: 2 j1/2

o(,Iﬁwph -E - ¢q )

? & 4TTEr |

(2.17)

These equations simply imply that the thermalization distance is
dependent on temperature throughllﬁwPh and D, and on photon energy through
AE. To date there is no one theoretical expression which can accurately

relate a specific photon energy to a specific thermalization distance.

The thermalization rate has been reported to be~0.leV/psec (Vardeny
and Tauc, 1980), and so the thermalization time will be on the order of a
picosecond. These investigators have also reported that the
thermalization time and distance are rather weakly dependent on photon
energy in the range 1.85eV<hv<2.3eV. The thermalization process is
generally ignored for steady-state PC studies, but may have important
implications for the low temperature photoconductivity (Hoheisel et al,

1983; Misra et al, 1983).
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2.2.3 Quantum Efficiency

In a-Si:H films, the absorption of a photon will not necessarily
lead to two free carriers, even with hv>Eg. After thermalization both the
electron and hole may experience geminate recombination, in which the same
electron and hole that were photoexcited recombine at about the same time.
The probability of geminate recombination is directly related to the
potential energy of the hole's coulomb well and the thermalization
distance, as shown in Figure 2.3. The spatial extent of the coulomb field
of the hole, r. , can be estimated by equating the coulomb potential to
the average thermal energy, which yields

B 2
rc<T) = q (2.18)

(4 TCEKT)

For a-Si:H films, for which the dielectric constant is 12 E%, rCESOA at
room temperature, There are three possibilities: (i), if r >4r_., the
excited electron and hole will be considered to be free, leading to a
quantum efficiency (Q.E.) of 1; (ii), if r,<r., but there is a preference
for ionization, the value of Q.E. can still be unity; (iii) if ro<rc, and
there is a preference for recombination, the Q.E. will drop from unity and

hence the photocurrent will decrease.

A more analytical approach is due to Onsager (1983), who has derived
the quantum efficiency (Q.E.) as a function of applied field. His

analytical expression is given by (Adler et al, 1980)

rt(E,T,rO) = 7 exp 1} 1 +% (—gf) (rCE) + } (2.19)
T
o
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where N is the quantum efficienty of the initial process. This equation
may be expressed more generally as (Carasco and Spear, 1983).

n(E,T,r ) = n {1 (E,T,r) (2.20)
Wherefd-(E,T,ro) is an expression for the probability for the electrons to
escape the attraction of a Coulomb well. It can be seen that for r, < r,
the Q.E. is reduced considerably, and it becomes increased only when the
applied field reaches or becomes higher than the critical field value
E=kT/qr. . The theoretical relationship between Q.E. and applied field is

illustrated in Figure 2.4.

From the previous discussion we can conclude that there are three
necessary characteristics when geminate recombination becomes important
(Adler et al, 1980): (1) a rapidly increasing photo conductive yield
saturating at n=1 as the photon energy of the light increases; (2) a
decreasing activation energy for the photoconductivity as the photon
energy increases, based on the expression for the activation energy

E = q/(4WEro) (2.21)
and, (3) an increase in yield at applied fields in excess of 104V/cm at

2
room temperature, or 10 V/cm at a temperature of 100°K,

For transitions into localized states we need to account for several
additional complications (Carasco and Spear, 1983). First, the diffusive
separation achieved during thermalization will be appreciably smaller for
an electron in the tail states as compared to that in the conduction band.

At room temperature the hopping mobility in the tail states is—~ 50 to 100
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FIGURE 2.4 The Onsager function 77/770 plotted against
the applied electric field(E) for the indicated values of the
thermalization distance, rO(A)' The calculations are for a-Si at

room temperature. (Carasco and Spear,1983).
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times smaller than the extended state mobility. Secondly, the electron
distribution during thermalization, shown in Figure 2.3(b), is now
produced well within the coulomb well. If we assume that all the
electrons which are thermalized into the localized states experience
geminate recombination, the expression for Q.E. refers only to those
electrons in the extended states. Therefore the Q.E. for transitions into

the bandtails is (Carasco and Spear, 1983)

( » O
nxg(E ) exp {—\EC - EC){\AL(E,T,rO) (2.22)
g(E,) L,

where E2 is the energy of the gap state involved in the optical transition
and g(Ez) refers to the density of states at that level. Based on this
equation we should observe a rapid decrease in PC for transitions into the
localized states as compared to the conduction band (Moddel et al, 1980;
Crandall, 1980). The expected photon energy dependence of the Q.E. is

rarely observed and provides a further complication to the interpretation

of the PC (Crandall, 1984).

2.2,4 Lifetime

The final variable in the basic equation for photoconductivity is
the free electron lifetime, which is defined as the time the electron
spends in the conducting state before it recombines with a hole. The
lifetime of an electron ranges from 102 sec, to 10 2 sec. for a-Si:H
films, and is related to the density of states that can capture electrons

and the probability of capture by those states. Recombination can be
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described in many ways, including the terms bimolecular, monomolecular,
ballistic and diffusive. Bimolecular recombination refers to the
recombination process in which the free hole and free electron recombine
simultaneously. For a-Si:H films this term is used whenever the PC
intensity dependence exhibits a square-root behaviour, The probability of
band-to-band transitions is negligibly small because of the high density
of localized states in the gap. Monomolecular recombination refers to the
transition in which either the electron or hole is already trapped before
the occurrence of their recombination. In a-Si:H films monomolecular

recombination is the dominant transition.

The terms ballistic and diffusive recombination refer to the
relative electron scattering length. Ballistic capture is applied to
materials in which the scattering length is larger than the capture
radius, Diffusive capture is applied to low mobility materials for which
such an inequality does not hold (Street, 1984). An important difference
between these two capture processes is that the bottleneck for ballistic
capture is the ability of the electron to lose energy, whereas for
diffusive capture it is the ability of the electron to diffuse to the
recombination centre (Crandall, 1984). By assuming that the lifetime is
governed by a ballistic, monomolecular process, the lifetime may be

written as (Bube, 1960)
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where v is the microscopic thermal velocity (1O7cm2/sec at T = SOOK),C-I1
is the capture cross-section and pR is the density of recombination
centres. This equation implies that only one type of centre is
participating in the recombination traffic. In the following section we
shall discuss the capture cross-section, the microscopic velocity and the

density of recombination centers.

Capture Cross-Section: The capture process in any material is generally

coulombic in nature, and therefore we may classify states according to
their charge, such as positive, neutral, negative, doubly negative, etc..
For the capture of electrons these states could also be classified as
attractive, neutral, repulsive, doubly repulsive, etc.. These centres are
shown schematically in Figure 2.5. The size of the capture cross-section
for each of these states is difficult to calculate. However, for the
attractive centre a simple method is often used. By setting the thermal
energy, kT, equal to the coulomb attractive energy, the radius of the

capture cross-section can be expressed as (Bube, 1960)

R=  a° (2.24)
(47T ekT)
and, therefore, the capture cross-section is
§n=ﬁr2= qi-_, 5 (2.25)
(16T (exT) ")

This is only an approximate expression, but it indicates the type of
temperature dependence to be expected. For neutral and repulsive centres
the calculation becomes more complex. Neutral centres are sometimes
identified as being weakly dependent on temperature (Bube, 1960), whereas

repulsive centres can be weakly dependent or strongly dependent, depending
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on the possibility of tunneling through the barrier (Milnes, 1973). 1In
general, the capture cross-sections are within the range from 1012em? to

2
10 ““cm”, with the largest value for the attractive centres and the

smallest value for the repulsive centres (Bube, 1960).

In a-Si:H films the capture cross-sections have been measured, and
generally lie in the range 10721 to 107 cem? (Persans, 1982; Wronski and
Daniel, 1981; Street, 1984; Vanier et al, 1981). For the traps located at
levels from the midgap to 0.35eV below the conduction band the capture
cross—-sections are generally constant (10_150m2), whereas smaller sizes
are found for those states below midgap (Vanier et al, 1981; Wronski and
Daniel, 1981). Presently there is evidence that the dangling bonds in
a-Si:H films may produce gap states at two or three distinct levels,

including a neutral centre or a doubly repulsive center (Crandall, 1984).

The temperature dependence of these capture cross-sections have not
been determined. A strong temperature dependence of T73for attractive
centres and T-l'%or neutral centres has been proposed (Street, 1984), in
which the effects of the minimum metallic conductivity and the
trap-controlled mobility are included. This study was performed
specifically for a~Si:H films. Another investigator merely speculates

that there may be a temperature dependence (Persans, 1982).
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Another possible recombination process is the tunneling of an
electron from the tail state to a defect (Street, 1984; Dersch et al,
1983), The total cross-section for the defect can then be written as

(Street, 1984)

< A3
< =5 s g 2.26
& 7 5P ( )
states
If we assume thatcgsé CE, and that capture is ballistic, then

0= G+ P) (2.27)

and so we can think of the tunneling process as adding an enrhancement
factor equal to (1+§). The factor P is the tunneling probability for a
tail state at E below the mobility edge, and is found by integrating over
the energy E, and the distance from the tail state to the defect R. This

yields (Street, 1984)

— 3 _
P = _3_NCROkTC [(TC/T) + (TC/T) + (TC/L) + 12 (2.28)

4 L )

The tunneling contributes an increasing amount as the temperature is

3 2

reduced, and becomes especially important at low temperatures.

Microscopic Velocity: The value of v is simply determined by setting the

average thermal energy equal to the average kinetic energy, which yields

v = akn) /2 (2.29)

m

At room temperature v = 10’cm%/sec.
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Recombination Centre Density: There are two electron transitions which

are important for a recombination centre. These are the rate of electron

capture (Rn) and the rate of hole capture (R ).
p

In the steady-state these rates are equal and so R = R which means that
n p

(Bube, 1960)

R = npRv/:‘n =R

n = PVG (2.30)

P

where q{(&{) are the densities of filled (empty) recombination centres and

n(p) are the densities of free electrons (holes). The total density of

centres is NR,= np + Ppe Depending on the ratio of @ to 5 and the ratio
n P

of n to p the recombination centre densities may be found by these two

equations. Specifically (Rose, 1963)

p, = N (5. P)

and (2.31)

The analysis which is necessary for the complete determination of nR
and Pr is difficult to use and does not always provide physical insight
into the recombination behaviour. However, several analysis methods for
finding ny and Py have been put forward to date (Shockley and Read; 1956;
Rose, 1963; Simmons and Taylor, 1972, 1974; Hack et al, 1984). Usually
the analysis involves the kinetic and thermal equations necessary for

recombination centres and traps, respectively, and the demarcation or
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equality levels, which separate the trapping and recombination centres.
As the light intensity increases oY the temperature decreases the
demarcation levels move toward the band edges, thus changing traps into
recombination centres. This is the essential feature of all these models
- using the movement of these levels to adjust the values of ny and pp to

fit the experimental data.

Some investigators include the possibility of localized state to
localized state transitions (Arnoldussen et al, 1972; Simmins and Taylor,
1974), however no one includes the possibility of recombination by
tunneling at low temperatures. Therefore, there is a need for further

modelling to adequately describe the PC of a-Si:H films.

2.2.5 Observed Photoconductivities

In our experimental work we used the temperature, light intensity,
photon energy and electric field as variables and observed their effects
on photoconductivity. In the following we shall present their effects, as
observed in a-Si:H films, and their relevant explanations. First we shall
present the temperature dependence of the photoconductivity (PC),
including a description of the two PC maxima and the low temperature
behaviour. Then we go to the meaning underlying the photon intensity
dependence, followed by a discussion of the effects of photon energy and

electric field.
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The Effects of Temperature

Typical temperature-photoconductivity characteristics are shown in
Figure 2.6. There are five regimes possible, although often only three
are observed (Mott and Davis, 1979). These five regimes can be separated
into four distinct features, these being: (1) the high temperature PC
maximum; (2) the decrease of PC as temperature decreases; (3) the low
temperature PC maximum; and (4) the low temperature saturation of PC, We

discuss these features in this order.

The two sides of the PC maximum regimes 1 and 2, can be roughly
classified by the relation between the photoexcited and dark electron
populations, although this is not always completely correct. In regime

1 n>n _ and the thermal equilibrium electron density, n , controls the
[e] o

ph
lifetime. Often the photocurrent decreases as the temperature is
increased, which indicates that the lifetime for the photoexcited
electrons is not constant. One explanation (Mott and Davis, 1979) assumes
that there are two sets of states in the gap, with EV below the midgap and
EA above the midgap. As temperature increases in regime 1 more holes are
available to move to the Ey states, thus increasing py and causing the
activation energy E = EFO—Ey. If we assume that the mobility is activated
at an energy~0.2eV, the commonly observed PC activation energy of 0.2eV
indicates that the energy level of Ey is~0.4eV below Ep_ . The observed

activation energy of the PC should change as the Fermi level shifts from

sample to sample.



33 -

"umoys 3ie saijisudjul pyfiyy aanej3s pue

saifiiaua uoijeal}ae jeaidA] “Ayiaijonpucscjoyd uo ainjeiddway jo 1933j3 3yl '9°Z IYNYI4

:.z-._.m\a—
¥ 61 Ll Gl gl il 6 L G ¢ l
1 T T T _ T Y I , N—.c—
Pp
A3G9Q T
¢ mN_.._/ Bucmaa |
} — \ )
l | : \ .
01 ! ' ,, -
_ \ _ Th
\ \ _ -
0ol ,, L =
) \ \ S
oool \ \ >
| o . 7. 01
aumm—_uw:_ // /, \
\ \
Jy61) A310°0 — A3G0°0 \ \ __ 4 01
\ ,.,. f a
N ]
é b A 2 A32°0
\
p 0l




- 34 -

Another theory for regime 1 also assumes a two-state model for the
gap state density distribution, in which E1 is near the conduction band
tails, E; = E_ - 0.1eV, and E, is below the midgap, E, 0.4eV (Shirafuji
et al, 1985). If the dominant recombination step is due to the movement

of electrons from E; to E,, then

3™ Gue [(EFO—EZ) - (B - E) (2.32)
KT KT

~

however if the dominant process is the transition from the conduction band

edge to E, then

—

Ton™ Grexp JEL - EJ (2.33)
KT

Another two state model proposed by Simmons and Taylor (1974) give

J in regime 1 as
ph
JPh = qpb }___j;__ﬁ(_exp EFo - (EZ - EV)z
( V5 N
[ ne J KT

where EF is the equilibrium Fermi level. For a PC activation energy of
e}

(2.34)

0.2eV this model predicts an energy level for the E2 states only 0.2eV

below the Fermi level. In this model the mobility is assumed constant.

Regime 1 does not always involve a decreasing PC with increasing
temperature (Wronski and Daniel, 1981). In regime 1 the lifetime is
constant due to deep traps which keep %) constant. They also assume that

\

the mobility is constant.
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The PC maximum occurs as regime 2, roughly defined by nph > n_, is
entered upon further decreases in temperature. A possible explanation for
the maximum and the change in sign of the activation energy is due to the
energy level of hole generation. In regime 2 the holes must reach
recombination centres by moving from the valence band edge instead of the
Fermi level, as in regime 1. This change in the initial level of the hole
is expressed by (Simmons and Taylor, 1974)

~1/2

I =quE | GN_ | exp |(E, E)l

ph ) v (2.35)

Vo —
Lv 5N kT

. )

where the activation energy is now equal to EZ' An alternate approach is
that as regime 2 is entered the hole quasi Fermi level moves closer to the
recombination centres, E,, below midgap. This causes holes to be fully
available for recombination (Shirafuji et al, 1985). If the dominant
recombination process is from E; to E,, then

Jth(G)l/z exp {—(EC - El)' (2.36)

kT

However, if the transition from EC to states near EFo limits

recombination, we have
Top~ 6 exp {"(Ec - B (2.37)
kT

. ]

-

We might also say that the lifetime of electrons becomes constant as

Jph enters regime 2 and so the decrease in PC and the PC maximum are

caused .by the activated mobility (Mott and Davis, 1979), with
-(1/2)

~ (s
Jph (up)
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Finally, the decrease of PC in regime 2 could be attributed to the
gradual incorporation of states above the midgap into the recombination
process (Wronski and Daniel, 1981). This causes the density of 1 states
to increase with decreasing temperature and relates the activation energy

to the depth of the trapping centres below the conduction band.

Clearly there is no concensus on the appropriate interpretation of
these two regimes. Each of the models that have been reported are
applicable in certain situations, but are not completely consistent.
Specifically, we feel that it is necessary to account for the position of
the equilibrium Fermi level when comparing films (Wronski and Daniel,

1981; Pickin, 1983).

As the temperature continues decreasing either regimes 3 and 4 will
be observed, or regime 5 will be observed at low temperature. The low
temperature PC maximum which separates regimes 3 and 4 is not always
observed, but has been analyzed on the basis of a deep level of traps
below the midgap (Rose, 1963; Vanier et al, 1981). The general
characteristics of this maximum are: (1) a shift in the temperature of
the maximum to higher values as the light intensity increases; and (2) a
supralinear dependence of the PC on the photon flux on the high
temperature slope. To explain this behaviour we can again use a two level
approach (Rose, 1963) although three or more levels could also be used
(Bube, 1960; Hoffman and Stockmann, 1979). We assume that some

distribution of states 1 are below the midgap, with& << 5 , and states
nl n2



37 -

"pajearpul 3ie sajeys z ssejs

Pue | sseja 8yl "aduapuadap Aysuajul 94 ayy uy

Rytieauljjerdns pue wnwixew 94 ainjesadwaj moj

3y} uiejdxa o}

iapow ajeys oMy v °L°2 34N9IL

P R

¢

ﬁlll-llll.lnl:!li\.llll




- 38 -

2 are near the midgap. This model is shown in Figure 2.7, In regime 2
the quasi Fermi levels move toward the band edges as the temperature
decreases. As the hole quasi Fermi level nears the class 1 states, it
will change these states from hole traps to recombination centres.
Because fﬁ11<<t§h2, the class 1 states will fill with holes and thus the
states 1 will dominate the recombination. The lifetime increases because
SRS EIYE As the temperature decreases further, the hole quasi Fermi
level will convert all of the class 1 states into recombination centres,
and thus the lifetime becomes constant. The PC maximum is caused by
assuming an activated mobility. As the light intensity is changed, the
temperature at which the PC maximum occurs will change as well. The
amount of the temperature shift will indicate the energy level of the

class 1 states.

The first interpretation of this phenomenon in a-Si:H films was made
by Vanier et al (1981) although the presence of a bump or shoulder had
been observed by other investigators (Kougiya et al, 1980; Anderson and
Spear, 1977). The appearance of the maximum is dependent on an
equilibrium Fermi level located near the midgap and on a low defect

density (Vanier et al, 1981; Persans, 1982),

The low temperature regime in a-Si:H films, regime 5, generally is
characterized by a constant value of the PC for a specific intensity of
illumination. In this region the quasi Fermi levels are very near to the

band edges for all of the light intensity levels which are used. We could
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interpret regime 5 as being due to a constant lifetime (Simmons and
Taylor, 1974) caused by the complete conversion of the gap states into
recombination centres. This implies that the onset of the regime should
be light intensity dependent and that the mobility and quantum efficiency

are assumed constant.

An alternative explanation uses offsetting temperature dependences
to obtain the constant photocurrent (Mott and Davis, 1979). If the
carriers are trapped by deep neutral centres and recombine before any

quasi-equilibrium is established, then

/

1 = Nv exp¢ -W A
and if a hopping mobility is assumed, the mobility is
_ ) , 2 o)
o= qu L [ exP (-2e>a) a” exp,; -W_ (2.40)
| %t | | kT
~ s ‘ »

and so the photocurrent is independent of temperature due to the

offsetting temperature dependences of the lifetime and mobility.

Another explanation of the PC behaviour in regime 5 is based on the
assumption that the low temperature PC is entirely due to the thermalizing
carriers. In this case the carriers are trapped immediately after
reaching the mobility edge and cannot contribute to the photocurrent
(Hoheisel et al, 1983). This theory leads to a linear dependence of PC on

intensity.
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We now present, briefly, a mechanism which we feel might be
important at low temperatures. We have already discussed the size and
temperature dependence of the capture of the capture cross-section., We
know that an attractive center with r=50A at 300'K will expand to r=500A
at 30°K., However, if the density of states in the gap is 1016/cn§, these
defect centers are only 3504 apart. Clearly, there must be significant
overlap of these centres at low temperatures, which should cause the
expression for the lifetime at high temperatures to be invalid. An

analysis based on this mechanism has not yet been done,

Another possible mechanism which might be important is the
temperature dependence of the capture cross-section in the range of
temperatures from 300°K to 30"K. If the lifetime is dominated by a
neutral or attractive center at high temperatures, it could become
dominated by a repulsive center at low temperatures. This would occur
because the repulsive centers have a much stronger temperature dependence

than the neutral or attractive centres (Milmes, 1973).

The Effects of Light Intensity

The relationship between the photoconductivity and the light
intensity is usually characterized by an equation of the form
B
J  ~G 41
oh (2.41)

where

G = G'(1-R) (l-exp(-=d) n/d (2.42)
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Typically, the value of B ranges from 0.5 to 1.0, however, other values
have been reported (Wronski and Daniel, 1981; Hack et al, 1984; Vanier et
al, 1981). The value of B is dependent on light intensity and temperature
and is normally analyzed in the following way (Rose, 1963). The only
variable of the PC equation, which changes with the intemnsity is the
lifetime. So far we have neglected the saturation effects, which would
affect the absorption, and the possibility of intensity-dependent mobility
effects. Because the capture cross-section is normally assumed to be
independent of carrier density, at least to a first order approximation,
and the microscopic velocity is dependent only on the temperature, the
carrier lifetime should be dependent on the density of recombination
centres, pp . Specifically, if the value of B is less than 1, the density
of recombination centres must be increasing as the intensity increases.
If we now assume an exponential distribution of localized gap states, such
that they may be expressed as

g(E)~exp(-E/E_) (2.43)
where E, is the characteristic energy. If we also assume that the
quasi-Fermi level for electrons moves through this distribution as the
light intensity increases, then the relationship between P and E, may be
written as (Evangelisti et al, 1983)

E, = kTB/(1-B) (2.44)
For instance, if B=0.75 at T=300 K, then E6=O.08eV. However, there are
two problems with Rose's interpretation of the value of B. First, it is
clear from Equation 2.44 that the value of B should change in a prescribed

manner, for a given value of E , as the temperature changes. This
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behaviour is rarely observed. Secondly, the value of B should change
rapidly as the quasi Fermi level moves through the gap because normally
there are peaks and valleys in the gap state distribution (Evangelisti et
al, 1983). These problems indicate that Rose's theory has a limited

application for a-Si:H films.

There is, however, an alternative method of analysis which may prove
useful for a-Si:H films. If we assume that recombination occurs as free
electrons fall into recombination centres which have already trapped
holes, and if these centres are positively charged when empty, then the
steady-state photoconductivity and the charge neutrality equation may be

written as (Evangelisti et al, 1983)

G - nppvb =0 (2.45)
Ec
n + nt(E)dE = (2.46)
- R
E
Fo

where G is given by Equation 2.42 and v and Py denote the capture
coefficient and the density of recombination centres, respectively. If

the gap state distribution NT(E) is a slowly varying function of energy,

then P
J ¢ n (E)dE = kTﬁT In (n/no) (2.47)

EFO

where ﬁT is the average density of localized states. Solving these

equations yields

G - V’6; (n2 + nﬁTkT In(n/no)) = 0 (2.48)
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This equation yields the desired range of B if ﬁT and G are chosen such
that the second term inside the parenthesis is larger than the first,

This equation is only applicable for the case n>ng.

For values of B which are greater than 1 or less than 0.5 separate
analysis techniques must be used. To explain the presence of
supralinearity, B>l, we have already stated the appropriate model. The
two-state model which was used to explain the low temperature PC maximum
also explains the presence of supralinearity (Rose, 1963). Because
& . <L 6;2 the lifetime will increase quickly as the intensity and

8l
temperature pass through a certain range. Other explanations of
supralinearity include a mobility which increases with increasing
intensity or a capture cross-section which increases as the density of

electrons increases (Persans, 1982; Bube, 1960). These explanations are

not generally used.

To explain lower values of B, such that B < 0.5, we can use the
concept of charge neutrality to develop a model (Hack et al, 1984). 1In
this model it is assumed that there is a steeply rising distribution of
states just above the quasi Fermi level, such that EO < kT. This will
cause a relatively large density of electrons to be trapped, and thus the
positively charged recombination centre density will increase rapidly
also, leading to B < 0.5. Another explanation could include two sets of

gap states, both of which contribute to the recombination traffic. Any
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movement of the hole and electron quasi Fermi levels could then contribute

twice the amount of empty recombination states, and B < 0.5 could occur.

The Effect of Photon Energy

The response of the photoconductivity to changes in the photon
energy is useful for understanding optical transitions (Moddel et al,
1980; Vanecek et al, 1981), geminate recombination (Adler et al, 1984;
Moddel et al, 1981; Carasco and Spear, 1983) and the behaviour of the
absorption coefficient for weakly absorbed photon energies (Loveland et
al, 1974; Cody et al, 1980; Abeles et al, 1980; Moustakas, 1980; Vanecek
et al, 1981; Moddel et al, 1980). As the photon energies decrease from
hv > Egto hv < E; two important effects occur. First, the importance of
surface effects, such as surface recombination and band-bending, decreases
as the photon energy decreases. This occurs because a larger fraction of
the absorption occurs in the bulk. Surface phenomena have not been well
studied for a-Si:H films, and have been virtually excluded in this thesis.
These effects, however, would become increasingly important as our
understanding of the bulk properties of these films grows (Street et al,
1985), Secondly, the importance of geminate recombination and hopping
transport may increase as the photon energy decreases (Carasco and Spear,

1983).
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In the literature the effect of photon energy has not been
thoroughly studied. Some investigators have reported that the value of B
decreases towards 0,55 as the photon energy decreases to 1,0eV
(Evangelisti et al, 1983), The photoconductivity as a function of
temperature does not change for photon energies hv > Eg (Adler et al,
1980), which is in keeping with a constant thermalization time for the
photon energy range 2.3eV to 1.8eV (Vardeny and Tauc, 1981). There is
also evidence from photoluminescence studies that sub-band gap photon
energies will create non-radiative recombination centres, NR’ which may be
expressed as (Bhat et al, 1983)

NR<><<G)1/2 (2.49)
This effect can be easily understood if we allow the initial state of the
optical transition to be the same state which controls the recombination
traffic., Therefore, for every electron which is photo—excited there will
be a photo-excited hole also, and therefore we have essentially
bimolecular recombination. The other effects that are observed could be
explained by a change in the final state of the optical transition.
However, this theory will require further work to verify its validity

(Moddel et al, 1980; Persans, 1982).

The Effect of the Applied D.C. Field

Cenerally, the electric field is used as a tool for determining the
importance of geminate recombination. As the field increases to values

above a critical field (Adler et al, 1980) the geminate recombination
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becomes negligible. This expected behaviour, based on Onsager's theory,
has already been discussed. Other effects due to the applied fields
include the interaction between space-charge limited currents and the
photoconductivity, although this has not been studied for a-Si:H films

(Rose, 1963). Usually the applied field (d.c.) dependence is not studied.
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CHAPTER 3: MICROCRYSTALLINE TO AMORPHOUS TRANSITION IN SILICON FROM

MICROWAVE PLASMAS

We have studied the effect of the plasma confining magnetic field on
the Si:H thin film properties, and have found that the films change
phase: we obtain microcrystalline films (uc-Si:H) at low fields and
amorphous films (a-Si:H) at higher fields. The field at which the
transition between these two phases occurs is approximately equal to the
field at which electron cyclotron resonance (ECR) occurs. We observe two
sizes of microcrystallites for these films, the larger size (”’150A)
increases in volume fraction as the magnetic field decreases, whereas the

smaller size (~20A) maximizes its volume fraction at the ECR condition.

Interest in microcrystalline silicon (uc-Si) prepared by
radio-frequency (RF) glow discharge and other deposition methods has
recently arisen as a consequence of its superior electronic properties for
specific applications as compared to amorphous silicon (a-Si:H) (Veprek
and Maracek, 1968; Mishima et al, 1982; Spear et al, 1981; Hamasaki et al,
1980; Hirose, 1982; Tonaka and Matsuda, 1983; Matsuda, 1983; Le Comber et
al, 1983; Osaka and Imura, 1984; Igbal and Veprek, 1982; Mejia et al,
1983; Mejia et al, 1986). Veprek and Maracek (1968) prepared uc-Si by
chemical transport in a hydrogen plasma as early as 1968. More recently,
the properties of nc-Si fabricated in RF glow discharge (eg. Mishima et
al, 1982) or by sputtering (Le Comber et al, 1983; Osaka and Imura, 1984)

have been reported. It has been claimed that the formation of the
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microcrystallites is dependent upon the employment of low deposition rates
and high RF power densities (Mishima et al, 1982; Tonaka and Matsuda,
1983) which provide for a high density of reactive hydrogen in the plasma
and maintain quasi-equilibrium conditions for the plasma-substrate

reaction kinetics (Igbal and Veprek, 1982).

In this study we have employed a novel microwave plasma system
(Mejia et al, 1983, 1986) in place of the conventional RF plasma and
observed the controlled deposition of uc-Si at relatively high deposition
rates and low microwave power density. One of the features of this system
is an externally applied dc magnetic field B along the longitudinal axis
of the wave guide cavity (Mejia et al, 1983), we show that a transition
from microcrystalline to amorphous silicon can be facilitated simply by
increasing B, while maintaining other plasma conditions constant. A1l of
the silicon films contain bonded hydrogen. It is to be noted that Spear
et al (1981) observed earlier that microcrystalline growth was induced

most easily at the highest accessible RF frequencies.

Another interesting feature of the microwave plasma system employed
in this work is that, as B is increased, the plasma can be made to pass
through the point of electron cyclotron resonance (ECR) (Mejia et al,
1986). This is the condition for which the cyclotron orbits of the
electrons induced by a B field is resonant with the microwave frequency
which activates the plasma. In the present work, the microwave frequency

used is 2.45 GHz and the value of B to achieve ECR is 875 gauss. In
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Figure 3.1 we shown the room-temperature dark conductivity\SQ, the average
grain size of the microcrystallites in the (111) orientation 6, and the
deposition rate r as functions of the normalized magnetic field (NMF,
normalized to unity for B of 875 gauss - ECR condition). Our conclusion

is that below ECR we obtain pc—Si:H; above ECR the films are amorphous.

Figure 3.2 shows typical x-ray diffraction results for Si:H films
for various values of B: below and above ECR, as well as approximately at
the ECR condition. In the analysis of the diffraction data for all of the
film samples prepared, we have adopted the conventional approach (Klug and
Alexander, 1954) of inferring the average crystallite size (as employed in
Figure 3.1) from the full-width-at-half maximum of the (111) diffraction
peak using Scherrer's formula (Mishima et al, 1982) and a shape factor
equal to 0.89. We have also made x-ray diffraction measurements of the
(220) and (311) peaks and have found a large scatter in the values of the
cube edges. Because of this scatter we could not determine the general

shape of the crystallites.

By comparing our data with those of other investigators (Mishima et
al, 1982; Tonaka and Matsuda, 1983) we note that the thermally
crystallized films have a ratio of the peak intensity to the background
intensity of ~3-4 and that our films deposited at NMF = 0.55 have the
same ratio. From this data we estimate an upper bound on the
microcrystallite volume fraction to be 100%; and by comparing the dc

conductivity with RF glow discharge produced microcrystalline film we
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estimate the lower bound on the microcrystallite volume fraction to be
50%. As B is increased the films become a three-phase material, being a
mixture of a-Si:H, ZOA‘pc—Si:H, and 150A pc-Si:H. We also note that the
206A uc-Si:H phase has peak diffraction amplitudes at 26 =~27.5  and 51.0?
which are significant shifts from the peak positions of the 150A(pc—Si:H
phase. This implies that there may be internal pressure on the 20A

microcrystallites (Cullity, 1956).

The deposition rate r for all the samples under investigation was in
the range of 4 to 24 A/sec. The deposition rate was dependent upon the
position and orientation of the substrates in the wave guide cavity, as
described elsewhere (Mejia et al, 1983). The microwave power in Figure
3.1 was in the range of 1 to 7 watts and the (glass) substrate temperature

was 155C.

We have also performed extensive studies of both the plasma
characteristics and the electronic properties of the deposited Si:H thin
films. The microwave system appears to have several decided advantages
over RF systems in addition to the flexibility as reported here. The
electronic properties of the uc-Si:H and a-Si:H films, including dark
conductivity and photoconductivity, are essentially the same as those
prepared by RF glow discharges (Mishima et al, 1982; Matsuda, 1983). More
details on plasma characteristics and film properties will be reported

later.
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As explained by Matsuda (1983) among others, the customary dilution
of SiH, in Hy or other gases is not a prerequisite for uc-Si:H structures.
Instead, he draws attention to the ratio of the concentration of atomic
hydrogen H in the plasma to the film deposition rate. The H concentration
is determined by optical emission spectroscopy (OES) from the intensity of
the H, line at 656.3nm (Mirose, 1982; Matsuda, 1983). The proportionality
between r and the SiH emission at 412.7 nm reported by Matsuda (1983) was
not observed for our microwave plasma conditions. The IR absorption peak
associated with SiH bonds in our films is consistent with the RF data
(Mishima et al, 1982). However we have relatively less Sil; bonding

present with the microwave films.

While the optical gap does not change significantly, the activation
energy decreases, and thus the Fermi level increases, appreciably in the
transition from amorphous to microcrystalline structure, as shown in
Figure 3.3. This implies that the increase in the degree of
microcrystallinity tends to enhance the n-type behaviour of the Si:H
films., It is also interesting to note that the photoconductivity exhibits
a minimum value at the point where the dark conductivity is around
5 x 10_7%cm, which corresponds to the film deposition condition close to
ECR as shown in Figure 3.4. This phenomenon is similar to that observed

by Mishima et al (1982) for their films prepared in a RF plasma.
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In summary, the condition of ECR in microwave plasmas has been found
to provide a demarcation between uc-Si and a-Si:H formation. The
microwave plasma system is also observed to provide several advantages
over RF plasmas, including reduced power requirements and enhanced
deposition rates for both uc-Si and a-Si:H films. The film properties are

comparable to the best RF glow discharge films.
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CHAPTER 4: PHOTOCONDUCTIVITY OF a-Si:H FILMS

In this chapter we report on the effects of temperature, light
intensity and phonton energy on the photoconductivity. We discuss these
observations in terms of the relative density, distribution, and capture
parameters of the localized gap states and the temperature dependence of
the capture parameters. We have calculated the distribution of states
both above and below the midgap, and developed a new theory to explain the
relationship between photoconductivity and light intensity. The
measurement of the spectral response of the photoconductivity is used to
obtain the information on the density and distribution of states below the
midgap. Finally, we present a new interpretation of the low temperature
photoconductivity (PC) maximum, which gives evidence that there is a
maximum and minimum in the density of states above the midgap. The
experimental methods and the deposition conditions for each experiment and

sample are given in the Appendix.
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4,1 The Absorption Coefficient of a-Si:H Films for Sub Band Gap

Photon Energies

We have found that as the equilibrium Fermi level decreases from
1.2eV to 0.89eV above Ev the form of the absorption spectra changes
significantly. At hv=1.3eV there is a peak in the absorption for the
sample with the lowest value of EFo’ This behaviour may be associated
with an increasing density of states at 1.3eV below EC . Also, we have
found that for lower photon energies, hv<l.2eV, there are transitions from
EV into the localized states, which affects the photoconductivity (PC)
through the reduction in the quantum efficiency. The value of the Urbach

edge is ~ 0.080eV to 0.060eV for these films.

Several methods have been proposed to extract the absorption spectra
from the PC spectral response (Moddel, et al, 1981; Vanacek, et al, 1981;
Evangelisti, et al, 1983). In this study we use the following two
methods. First, if B, the parameter which is used to characterize the
relationship between the photoconductivity and light intensity, is
constant with photon energy, then the absorption coefficient, X, can be

written as (Moddel, et al, 1981)

1/
o () = S0 ) Tpn(BVs0) P (4.1)
o% ¢ JphO

where the subscript o refers to some reference energy, and G refer to the
light intensity. Second, if B is dependent on the photon energy then the

absorption coefficient can be written as (Evangelisti et al, 1983)

o¢ (hv +4) =o¢(hv)G(hv) jaG(hv +A )?l/p(hv) (4.2)
G(hv+a) |4 g (hv) j
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where A is the step size of the iteration and AOrefers to the
photoconductivity. In both of these methods the light intensity is
allowed to vary with the photon energy; but the mobility and quantum

efficiency are assumed to remain constant as the photon energy is changed.

To study the relative values of the mobility and quantum efficiency
we use the temperature dependence of the PC spectral response, as
illustrated in Figure 4.1. The slope of the high energy part of the
curve, for hv>l.45eV, does not change as the temperature decreases. As
well, the form of the curve for hv<l.2eV becomes steeper at lower

temperatures,

Figure 4.2 shows the activation energy of the PC as a function of
photon energy. For hv<l.2eV the activation energy rises rapidly,
indicating that the quantum efficiency or mobility is decreasing in this
range of energies (Carasco and Spear, 1983). The dotted line in the
figure indicates the fit to Onsager's relation, which implies that the
quantum efficiency is causing the majority of this decrese in the PC. For
these values of the activation energy we have calculated the value of Ty s
the thermalization distance, and found that r, decreases from 100A at
hv=1.3eV to 20A at hv=1.0ev. The response of the photoconductivity to the
temperature also indicates that the mobility is not changing for hv>1.2ZeV

(Moddel et al, 1981). Therefore, the absorption coefficient may be

deduced from the PC spectral response.
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In Figure 4.3 we present PC spectral response for each of the four
samples. There is an increase in the PC at hv=1.3eV, and a smaller
increase at hv=1l.leV. In the same figure we also show the value of B for
these samples. Sample 13V exhibits a value of P(O.S, but still in a
consistent and repeatable manner. Generally, this low value indicates a
rapid increase in the density of recombination centres (Rose, 1963), and
not saturation. Therefore the absorption coefficients calculated from
Equations (4.1) and (4.2) will still be accurate. Also, these low values
of B indicate that the initial state of the electron transitions are
increasingly occurring in the localized states as the photon energy

decreases.

Figure 4.4 shows the absorption spectra calculated using Moddel's
method by choosing B=0.70 as an average value. The absorption at hv=1.3eV
changes form as the equilibrium Fermi level decreases from EC , and peaks
are visible for two of the samples. An extrapolation of two of the
curves, as shown, indicates that the absorption goes to zero as the
photoenergy goes to E - Epoe Of course, for hV<Ec_EFo’ we expect no
absorption unless there are transitions into localized states below EC,
This behaviour may be explained in two ways. First, it is possible that
the fraction of the absorption caused by transitions into the localized
states is larger for samples which have no peak at 1.3eV, and therefore
these absorption curves do not cut off at the Fermi level. Secondly, we
could assume that there is a constant density of states in the energy
range 1.2eV to l.4eV below E. , and thus the density of states would

abruptly decrease as hv=E.-Ep,is reached.
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In Figure 4.5 we present the absorption spectra calculated using the
iterative method (Evangelisti et al, 1983). The peak at hv=1.3eV is still
large in sample 13V. However, the peak has decreased in sample 9.08
relative to those shown in the Figure 4.4. Samples 9.06 and 13H
demonstrate the same behaviour as those calculated by the constant B
method. The values of the Urbach edge slope, E , also vary between these
samples, from 0.08eV>EO>O.O6eV. Generally, these figures indicate that as
the Fermi level decreases from EC the value of EO decreases and the peak
at 1.3eV becomes more pronounced. These findings are in good agreement
with other investigators (Loveland et al, 1974) who have reported that the
relative absorption at 1.3eV increased as the Fermi level decreased
towards midgap. Other investigators have also found that the peak at
1.3eV decreases with increasing hydrogen incorporation (Abeles et al,
1980) and that the Urbach edge slope, Eo’ decreases as the temperature

decreases (Tiedje and Cebulka, 1983).

These absorption spectra also lead us to speculate on the form of
the gap states distribution below Ep . If the transitions for hv>1l.2eV
are into the same final state, then the density of states is proportiomnal
to the absorption coefficient (Vanacek et al, 1981). This would indicate
that the form of the gap state distribution changes significantly as the
Fermi level shifts. Alternatively, if the fraction of the transitions
into localized states increases as the Fermi level increases towards EC,
then the density of states in the gap could increase. These cﬁanges in

the gap state density should be apparent in both the room temperature
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electron lifetime and the response of the PC to light intensity. Further
evidence of a sharp increase in the density of states below E%Ois that

B<0.5 is observed for sample 13V.

In conclusion, we have shown that the absorption coefficients of
these films can be correlated with the position of the Fermi level.
Specifically, as the equilibrium Fermi level decreases the absorption at
hv=1.3eV changes shape and the slope of the Urbach edge decreases., The
structure of the absorption curves can either be caused by a large density
of states at 1.3eV below EC, or an overall increase in the density of gap

states, both above and below EFo’

4,2 The Intensity Dependence of the Photoconductivity in a-Si:H Films

In the following we present a new analysis of the light intensity
dependence of the photéconductivity. This analysis considers the movement
of both the electron and hole quasi Fermi levels and uses the charge
neutrality condition to explain the value of B in a consistent manner. By
assuming that the trapped charge dominates the charge neutrality equation,
we can reproduce an earlier result by Rose (1963), and show that a similar
type of equation can be used to explain other values of B, such as B<0.5
and B>1.0. We then obtain the density of states distribution for our
films based on the observed relationship between the photocondpctivity and

the light intensity.
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The relationship between the photoconductivity (PC) and the light
intensity is generally characterized by an equation of the form (Rose,

1963)
B
ci%hﬁvc (4.3)

where G is the light intensity and B is a parameter which is usually in

the range of 0.5¢<B<1.0.

Two theories of this behaviour have previously been proposed. The
first theory is based on the assumption that the localized gap states
above the Fermi level, g(E), are exponentially distributed in the gap, in
the form

g(E) = A exp —(EC - E)

le

(4.4)

and that the density of recombination centres, Py , is negligible (in the

dark) then the photogenerated electron density can be (Rose, 1963)

n = fon,M" T/ + D (4.5)

kT lAV 5 n

where Tl is the characteristic temperature of the distribution, A is the
density of states at E, and VE; is the capture coefficients. The
relationship between B and T can be expressed in terms of the

characteristic energy of distribution, EO, (Evangelisti et al, 1983)

EO = kTﬁ/(l—p) (4.6)
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The second theory is based on the assumption that the charge
neutrality condition can be expressed as (Evangelisti et al, 1983)

n+n =7p (4.7)
where n and n_ are the densities of free and trapped electrons,
respectively, and P, is the density of trapped holes. Obviously, this
assumption implies two types of defect states existing in the gap, one
being negatively charged when filled and the other being positively
charged when empty. The value of B can be deduced from

G - v6 (n”+ o, kT 1n(™n ) = 0 (4.8)
where n and n  are the densities of photogenerated and thermally generated
free electrons, respectively, and ﬁt is the average density of localized

states at the Fermi level,

We have observed several problems with these two theories. First,
Rose neglected any contribution to the density of recombination centres
from the states below midgap. These states can affect the PC temperature
dependence (Vanier et al, 1981; Wronski and Daniel, 1981), and so they
must also affect the light intensity dependence. Secondly, neither one of
these theories is able to account for power values of B<0.5, although
these values appear as part of a steady trend with temperature and Fermi
level position (Wronski and Daniel, 1981; Hack et al, 1984). Finally,
calculations based on Rose's theory are not sensitive to a minimum in the
density of states, although other techniques indicate that minima do exist

(Goodman and Fritzsche, 1980).
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In the following we present a new theory for the value of B, from
which we can also calculate the energy distribution of the gap states
above midgap and the relative form of the state distribution below midgap.
We show that the distribution of states below the Fermi level also play a

role in determining the value of B.

4.2.1 Theory

To develop a theory for the PC intensity dependence, we need to
consider the following factors. First, in the steady-state, the
generation rate (G) is equal to the recombination rate. If we assume
ballistic capture of the free electrons (n) to be dominant recombination
process, we have

G - VG;npR =0 (4.9)
where Pr is the density of recombination centres. For any two light

intensities, G; and G2 with G2>Gl, we have

ac="2=""R2 =anap, (4.10)
1 MiPry
this equation applies for any change in light intensity as long as the

value of v6 remains constant.
n

Secondly, we need to consider the charge neutrality condition. If

we neglect the charge due to free carriers, we obtain

n_+ 0, =p_+ Py | (4.11)
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where n, and p, are the trapped electron (hole) densities and nRand pp are
the densities of filled and empty recombination centres located above and
below the midgap, respectively. If

n =p (4.12)

R R
then we can express the charge neutrality as

AP = ro =Ap, = "r2 (4.13)
"r1 Pr1
Similarly, if the charge neutrality equation is
n. = py (4.14)
then
Ang =Ap, (4.15)

whereAnt = ntz/ntlandAA P, = ptz/ptl. The trapped charge is determined
from the Fermi level position, whereas the charge in the recombination
centres is determined according to the recombination kinetics. There are
two mechanisms that can cause the density of recombination centres, either
n, or pp, to change: (1) the traps can be converted into recombination
centres by the movement of the Fermi level, and (ii) the ratio of the
density of free electrons to that of free holes can change, due to unequal

movements of the quasi Fermi levels. These two possibilities are shown by

the following equation,

AP

AN ap (a1 T S ,P)

R
(o’nn2 + 513?1)

(4.16)
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where AN_ =N is the increase of the recombination centres due to
R R?_/NRl

the conversion of traps, n and p refer to the free electron and hole

densities, and the subscripts 1 and 2 refer to the light intensities Gand

GZ’ rspectively. Of course, Ap is still equal to Pz/pl, the ratio of free

holes at two light intensities.

We express the distribution of gap states as,
g, (E)~exp (-E/E)) (4.17)

g, (E) ~exp (-(EC - E)/EZ)

where g, (E) refers to the density of states below midgap and gz(E) refers
to the density of states above midgap, and E; and E, are the
characteristic energies of the two distributions. Thus, for a change in
the quasi Fermi levels of AE- =E (oraAE. =E ), the

fn fnz/Efnl fp fp.’Z/Efpl ’

change in the free and trapped charge densities is

An = exp (AEfn/kT) (a)
Ap = exp (AEgp/pr) (b) (4.18)
An =exp (A Efn/Ez) (c)
AP = exp (AEfp/El) (d)

Similarly, we can express the change in the density of recombination

centres as

APR]_ exp (A Efp/El) (a)

exp (A Efn/E?_) (b)

(4.19)

A&nRz
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if we assume that (1) the density of recombination centres at E  is much
smaller than the density of centres at Eg,, or Efp, and (2) if we neglect
any change in the ratio né that would affect the density of these

recombination centres.

Based on equations (4.18) and (4.19) we shall calculate B for
several different conditions, and then go on to analyze the results from
our a-Si:H films. We begin by specifying how the value A py is controlled
by charge neutrality conditions, and then show the value of B which
results.

CASE 1: If we assume that the charge neutrality equation is

An_ =ADp, (4.20)
which means that the trapped charge dominates the total charge neutrality
condition then we can write

exp (A Efn/Ez) = exp (A Efp/Ez) (4.21)
and therefore,

A - E °
Efp C l/EZ)AEfn (4.22)
We now have the following four possibilities.

(a) If recombination proceeds mainly through the trapped holes,ZSpt,

then by Equation (4.10)

== G ==
AG G_Z exp(AEfn/kT)exp(AEfP/El)
1
= exp(A Efn/kT + AEfn/El) (4.23)
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Generally a factor of exp(AI%p/kT) is used to adjust the density of
holes to compensate for its increased contribution to the
recombination traffic (Rose, 1963). This factor is not applicable
in this case because we have not changed the value of Efp—E, but
have instead only increased the density of the recombination
centres, Since

AE; =kT In(An) (4.24)
we have

E2 = ktB/(l—p) (4.25)

where we have used B = 1n(An)/In(AG). This result is the same as
that obtained by Rose (1963). If E2<kT then B<0.5, and if EZ-ZkT
then B>0.5. It is clear that the slope of the distribution of the
states above midgap is very important for the determination of the

value of B.

(b) If recombination occurs through the P, states above Efp and below
Epo» we cannot express this change in recombination centre density
by directly applying a Fermi level analysis. We must express the
fraction of gl(E) states which are empty recombination centres as

(Rose, 1963)

P, = Mp1 (O8pP) = N S (4.26)
(6;13 + G“nn)

where

(4.27)




- 75 -

The value of©¢, is in the range Qg;xigg, and is not expected to
change as the level Efp moves, and so any change in Pp, is totally
due to an increase in the density of states between E¢, and Eg,.
Therefore, for a movement of the Fermi 1evel,£§Efp, we will change
the value of Ny, by the factor

ANR= exp(A E (4.28)

fP/El)

However, only a fractionoX; will be empty and will contribute to

recombination, therefore

AP = ’ .
R1 exp (A Efp/El)O(l (4.29)
Thus, the value of B can be determined from
AG =9<lexp (@A) Efn/kT +AEfn/E2) (4.30)

where we have used AE fp/E1= AEfn/Ez" If we assume that X1 =1,
that is, that all incorporated centres are empty, then

which is again equivalent to the equation derived by Rose (1963).
IfC*H_decreases from unity, the density of recombination centres does

not increase as rapidly, and thus P approaches unity.

(c) If recombination occurs through the empty states below
EjﬁﬁpR2= Npo - nRZ)’ then the same type of analysis can be used as
in the previous case (b). If p,is negligible in the dark, and¢<2=1,
then the value of E, is again
E, = ktp 1-B) - - (4.32)

Ifc$2<1, the value of P increases towards unity.
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- 76 -

IfoA <1, the value of B increases towards unity.

If the recombination occurs through the empty states above Egf,, then

the density of empty states increases as

Ap, = exp(A Efn/E2> (4.33)
Therefore, the value of B is determined from
AG = AnApR = exp(A Efn/kT+ AEfn/E2) (4.34)
which means that
E2 = ktB/(l—B) (4.35)

As in case (a), the factor exp (AE ) is not included.

fn/kT
We now assume that the density of states above midgap decreases with
increasing energy (E, <0), which would occur if there is a local
maximum in the density of states at some energy between Ep, and E..
In this case the change in the density of trapped charge is less
than unity. The charge neutrality condition is still expressed as
An. =Ap, (4.36)

and so the following possible results apply.

(i) For recombination through the Ap, states below Efp, we have a
decrease in the trapped hole charge, and so
AG =AnAp; = exp(A Efn/kT—AEfn/Ez) (4.37)
This leads to
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Therefore, this means that B>1. We must interpret this value
of El(El<O) as indicating that the level Efpalso goes through a

decreasing density of states.

(ii) If recombination proceeds through the py states between Efpand
Efo’ we have A‘szl’ and B~1, This is because the density of

states decreases, and thus very little new states are added.

(iii)If recombination is through the empty states between Efoand
Efn’ then we expect a constant density of recombination

centres, and thus B =1.

(iv) If recombination occurs mainly through the empty states above

Efn’ then we have

APy = exp(-A Efn/Ez) (4.39)
of course, E,<0, and s0¢ﬁpt2<1. We then have
AG = AnAp , = exp(AEfn/kT - AEfn/E ) (4.40)

2
which gives

E, = kTB/(;s—l) (4.41)
This condition states that the density of trapped holes decreases as

the Efnlevel increases towards EC, and so B>1 may be realized.

We observe that if the recombination is dominated by transitions
through the trapped charge then B>l can be realized. For a density of

states in which the distribution is throughout the gap, we do not expect
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that trapped charge will dominate the behaviour. We now continue to

analyze other possible forms of the charge neutrality equation.

CASE 2: If we assume that the charge neutrality equation is

Anp = App (4.42)
then, for exponentially increasing gap state distributions, we have the
same relationship as before

_E
A Efp - ——l—AEfn

(4.43)
£
Therefore, all the previous cases (la) to e)iv) apply.
Case 3: If we now assume that the charge neutrality equation is
p..=n__+n (4.44)

R1 R2 t2

then we find that this equation cannot be expressed in terms of the
changes in the densities of the trapped electrons and the recombination
centres. We will, however, analyze this equation for the specific

situation of E2<O.

For this case, we know that the density of trapped charge is
decreasing. If we assume that the density of positively charged centres
is still increasing, then ny will need to compensate both the decrease in

n and the increase in Pge

(a) 1If recombination is through D> then we have

A p, = exp (A Efp/E ) : (4.45)
1
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- 79 -

and therefore, P can be deduced from

AG =/.\nApt = exp{AEfn +AEfE (4.46)
kT El

There is no simple relationship between/&Efnand AE and so

fp’
we are content to state the B<1 because both p, and n are

increasing.

For recombination through Pg» the same analysis applies as in

subcase (a). Therefore we expect that B<1.

For recombination through the empty states above Efoand below
Efn’ a different situation is obtained. Because np is

increasing, must be decreasing, and so B>l will occur. We

Pr

have not been able to obtain a simple expression for this case.

If recombination is through the empty states above E; , we
again have B>1. This occurs because

AP,y = €Xp (_AEfn/Ez) (4.47)

and, therefore, 13pt2<1. The value of B can be deduced from

AG = exp {fﬁ@. -AFe

kT E2 (4.48

and

E,= kTB/(;s—l) - (4.49)
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These last two subcases have an interesting application to the PC
temperature response as well. It has been reported that anomalous "bumps"
occur in the PC temperature response (Vanier et al, 1981; Persans, 1982).
These "bumps" can be interpreted as an increase in the lifetime of the
electrons due to the sensitization of the sample caused by the presence of
a second set of localized states below the midgap (Rose, 1963; Vanier et
al, 1981). In this case the "bump" is due to the presence of a set of
states with a smaller electron capture cross-section. In the example
which we have presented, there is an increase in the lifetime because the
n states increase in density, thus decreasing the density of empty
capture centres. Of course, this model is dependent on the defect level
which dominates the recombination traffic. Alternatively, this model may
reveal a mechanism which initiates the transfer of holes from the class 2

states (above midgap) to the class 1 states (below midgap).

We may summarize this section by stating that many values of B are
possible within this model, all of them occurring in a consistent manner.
In the following section we shall analyze the observed PC intensity data.
We analyze our data with our method and Evangelisti's method (Evangelisti
et al, 1983) and determine how these methods are useful for different

temperature and light intensity regimes.
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4.2.2 Results and Discussion

Figure 4.6 shows the photoconductivity (PC) as a function of light
intensity for sample 9.06. Most of the data has been approximated by
using the straight lines. At lower intensities we observe B<0.50, but at
higher intensities a changeover occurs, and then ﬁéO.SO. We would expect
that the change in the value of B would be dependent on temperature if the
effect is due to the position of the Fermi level, however this behaviour
is not observed. The cause of the changeover may be that the rate of
recombination depends also on the electron density. In Figure 4.7 (a and
b) are shown similar data, observed for sample 13H. At low intensities
there is a region with B<0.5, and at the temperatures near 300 X we have

P>1 for low intensities.

We have analyzed this data using two methods, and have obtained the
density of states distribution for energies from EFpto 0.25eV below EC, as
shown in Figure 4.8. Clearly, there is a substantial difference between
these two methods. Whereas Evangelisti's method (Evangelisti et al, 1983)
obtains a minimum in the density of states (DOS) for both samples, we only
observe that the distribution becomes uniform at energies closer to EC.
Our method is not sensitive to a minimum in the density of states, because
we do not observe a consistent value of B>l. However, our method could be
sensitive to the minimum if we knew the absolute value of the density of
states at some point in the gap. For instance, if we assume that

20 3 16 3
N=10 /cm”, and if we assume that g(E. )=10 /em”, then we can adjust
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our curves so that they fit these two values. We need more complete data

to perform this adjustment with any accuracy.

In summary, we have proposed a new method of analysis for the light
intensity dependence of the photoconductivity. The original result due to
Rose (1963) has been reproduced. However, we have shown that it is also
useful for analyzing the values B<0.5 and B>1.0. We have also shown that
the distribution of states below the level Efo also affect the behaviour
of the photoconductivity. Further improvements to this theory would
include the thermally generated carriers. Also, we mention that the
approach we have presented is easily adapted for computer iteration, which

will yield greater accuracy.

4.3 The Low Temperature Photoconductivity Maximum

In this section, we explain how the low temperature
photoconductivity (PC) maximum can occur because of the structure of the
localized gap state distribution. This analysis is new, in that it
indicates how the "transfer" of holes from the states above E; to the
states below Ep is initiated. If the charge neutrality condition is
dominated by trapped charge the maximum will not occur. In the following
we review the relevant theory of this behaviour (Rose, 1963; Vanier et al,
1981), and show how our new approach "fits in" with this behaviour. We
then present our experimental results, and determine some characteristics

of the localized gap state distribution.
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The temperature dependence of the photoconductivity (PC) often
exhibits a maximum value in the temperature range of 280 K to 100 K
(Vanier et al, 1981; Griffith et al, 198l; Persans, 1982). The
temperature at which the maximum occurs shifts with light intensity, and
usually a well-defined activation energy can be identified with this
shift. To analyze this behaviour, the following model has been proposed
(Rose, 1963), based on the density of states model shown in Figure 4.9.
The class 1 states are below midgap, and have a small electron capture
cross—section. The class 2 states above midgap have a larger electron
capture cross—-section, such that 5;n.>> Sinf The hole capture
cross-sections are equal. We assume that 5En.= 6ép = élp =101° cmz, and
that fr]ll=10_19cm2. Also, we assume tht Nl= N2’ where Nl and N2 are the
densities of the class 1 and class 2 states, respectively. At room
temperature the class 2 states dominate the recombination, and thus the
lifetime is expressed as

~En _ ((V'é;z)pRz)—l (4.50)
where v is the microscopic velocity and pRZiS the density of empty
recombination centres in the class 2 states. We assume that the class 2
population is determined by the recombination kinetics, and so the density
of empty centres, based on the condition Rn= Rp in steady-state, is (Rose,

1963)

1+ 6; n (4.51)
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The density of empty centres is dependent on the density of defect states

and the ratio of free electrons to free holes, because (§n2={5;2'

If the temperature is now decreased, but the light intensity is
maintained constant, then the PC will reach a minimum and then increases
to a maximum value. This occurs as Efp’ the hole quasi Fermi level,
decreases below E;, thus changing the class 1 states from deep hole traps
to recombination centres. These class 1 states have a small electron
capture cross-section, which means that all the states are essentially
empty. The value of the density of empty recombination centres for the

class 1 states is

P =N 1
R1 1
6;1P
Because the cross—sections are § =10"19 cm? and § =10—15cm2, we have

nl pl
pRléN1° By charge neutrality we have (Rose, 1963)

Ogo = PRy (4.53)

where the filled class 2 states and the empty class 1 states are charged.
We know by assumption that the total densities of the states are equal,

and so ngp, = N,=N;. The lifetime may now be expressed as

. -1
T:Q = (V6 )pgy) (4.54)

Therefore, the ratio of the maximum lifetime to the room temperature
lifetime is
Z;TZD - (10’ 1071 Nl)"l = 5 x 10° seconds (4.55)

-15 (-1
Eg)
2

(lO7 10
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The lifetime has increased by almost six orders of magnitude. This
analysis is based on the assumption that the charge neutrality equation

can be written as

fgo = Pr1 (4.56)

That is, we must neglect trapped charge.

As the light intensity changes, the position of both the minimum and
the maximum shift to lower temperatures. The activation energy of this
shift is important because it enables the determination of the energy
level of the class 1 states. The activation energy of the PC maximum is
equal to the sum of the activation energy of the mobility mechanism, W,
and the activation energy of the recombination process. The recombination
process involves the excitation of the electrons from the electron Fermi
level to the conduction band edge, because we assume that only free
electrons are able to recombine with trapped holes. However, the trapped
holes can recombine without any excitation to the valence band, because we
assume monomolecular recombination. Therefore, the activation energy of
the maximum can be written as (Vanier et al, 1981)

E{ - E, = B —(E.-Ey) + W (4.57)
where Ej- E, is the position of the class 1 states below midgap. This
equation can also be used to analyze the data from materials with a
continuous density of states. In this case the activation energy of the
minimum yields the energy at which the class 1 distribution begins, and
the activation energy of the maximum locates the end of the class 1

distribution.
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For a-Si:H films, generally there are two sets of states at the
Fermi level, and so if the class 1 states lie between ~0.25eV to 0.50eV,
then there are at least three types of states in the gap. We believe that
the PC maximum can be explained with only two types of continuous states,

and we present our analysis below.

In Figure 4.10 we show our model for a continuous distribution of
gap states. There is a maximum and a minimum above the midgap. The total
number of states above and below the midgap are the same, and the capture

. . -19 2
cross—-sections have the same values as before, which means C;ln = 10 Tem",

and 6. =6, =6_ = lO—lscm2°
2n 1p 2p

At high temperatures, for a given light intensity, the Fermi levels
lie in the class 1 and class 2 states as shown. The recombination traffic
proceeds through the class 2 states, because we choose O _p_>>6 p_ .

, n2 “R2°7 “nl Rl
The charge neutrality is written as
because we assume ppi>>Dy for all temperatures. This assumption is valid

because the density of empty states may be expressed.

P =N 1
R1 1 T+ 6 o (4.59)
nl

G;lp

where we have 6nl/ 5_Plz 10—4.
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As the temperature decreases, the Fermi levels spread out from
midgap, converting more of the class 1 and class 2 into recombination
centres. The class 2 states above the midgap will not be completely
filled with electrons, because é;n2/62£= 1, and so the lifetime will be
decreasing. When the electron Fermi level reaches the density of states
maximum, the density of trapped electrons begins decreasing from its
previous value. However, the density of the positive charge continues
increasing, and so the value of Doy must increase to compensate for these
changes. Therefore, the recombination rate decreases and the lifetime
increases. It is this increasing lifetime that causes the PC minimum to

oCccur.

For further decreases in temperature the electron Fermi level will
eventually reach the density of states minimum, which is at an energy of
0.25eV below E_. When this occurs, the trapped electron charge will again
contribute an increasing amount to the charge neutrality condition, and
therefore the density of filled centres, np,, can stop increasing. As the
temperature continues decreasing the lifetime will again decrease, due to
the added incorporation of class 2 states as recombination centres. This
anslysis has assumed that the class 2 states dominate the recombination

traffic for all temperatures.

Alternatively, it is possible that the states below the midgap, the
class 1 states, begin to dominate the recombination when Ep, reaches the

maximum at 0.50eV below E.. For EFn between 0.50eV and 0.25eV the
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recombination traffic will move increasingly through the class 1 centres
if their density is larger than the density of the class 2 states. When
the minimum at 0.25eV below E% is reached, the fraction of the
recombination which proceeds through the class 1 states may reach a

constant value,

In Figure 4.11 we present our results of the PC respomnse to
temperature. The activation energy of the minimum is 0.46eV and the
activation energy of the maximum is 0.28eV. It can be seen that the slope
of the low temperature side of the maximum decreases as the light
intensity and temperature are reduced. The electron Fermi level is equal
to 0.46eV at the PC minimum and ~ 0.28eV at the PC maximum, for all light
intensity levels. This value of EFn has been calculated using an
activated mobility of

Jp = M EXP (-W/kT) (4.60)
where W = 0.1eV for temperatures above ~ 200K but decreases gradually

towards zero below ZOO‘K.

According to the generally accepted theory, the energy range of the
class 1 states is estimated to be (Vanier et al, 1981)
E = 0.46 = 0.2 + 0.1 = 0.36eV (4.61)

lmin
E = 0,28 - 0.2 + 0.1 = 0.18eV (4.62)
Imax
and therefore the distribution of class 1 states would begin at~0.18eV
above Ev and extend up to 0.36eV above Ev, This is not a very broad

distribution of states for an amorphous film.
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Based on our analysis, we can say that there is a maximum in the gap
DOS at 0.46eV below E(:and a minimum in the gap DOS at 0.28eV below EC s
and that the density of class 1 states increases as the Efplevel moves

towards the valence band edge.

In summary, the occurrence of the low temperature PC maximum can be
attributed to the presence of a maximum and minimum in the density of
states above midgap. Clearly, further improvements to this theory are
possible, such as a mathematical expression to correlate the density of
states to the form of the PC temperature response. These improvements are

being attended to presently.
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CHAPTER 5: CONCLUSIONS

From the analysis that has been presented in chapters three and four
we can make the following conclusions. Firstly, the orientation and
position of the samples during deposition are very important for the
structure of the film, This is revealed in section 4.1, where the samples
9,06 and 9.08 display drastically different properties, although they are
prepared under the same conditions. The only difference is their position
in the chamber. Also, samples 13H and 13V are different only in their

orientation, one being vertical and the other horizontal.

Secondly, it is clear that the size of the microcrystallites depends
on the value of the magnetic field. As well, it is possible that the 204
microcrystallite size is preferentially grown near the ECR condition. The
influence of the deposition parameters on the film characteristics will,

of course, be a subject of continuing study.

Thirdly, sections 4.2 and 4.3 enable us to find the position of the
maximum and minimum above the equilibrium Fermi level. For sample 9.06
the maxima is located at 0.46eV below E(: and the minimum is located
0.28eV below EC . This structure in the states above the midgap has been

shown to lead to a low temperature PC maximum.

Fourthly, we have shown that a new interpretation of the PC

intensity dependence is possible. This analysis method involves using the
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charge neutrality and two sets of continuous states in the gap. One
distribution of states is above the Fermi level and the other is below the
Fermi level. We have shown that all of the values of B can be analyzed

using these equations.

Overall, therefore, it is possible to measure the distribution of
the gap states using the PC intensity response and the PC temperature

response, in the temperature range of 350"K to 100K.
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APPENDIX
Here we review the preparation conditions used for these films, and
present the necessary information about the experimental apparatus and
methods. The review of these methods is informal, and hopefully future

experimental mistakes can be avoided by these notes.

Al. Deposition Conditions

The fabrication system consists of a waveguide suitable for
microwave propagation, an oscillator at a frequency of 2.45 GHz, a gas
delivery system, and two axially oriented solenoids which develops a
magnetic field of up to 1 KGauss. This magnetic field is used to confine
the plasma and control the energy of the electrons. The fabrication

facility has been reviewed in previous reports (Mejia et al, 1982; 1986).

The deposition conditions were essentailly constant for all the
films from run 10 to run 13, with the exception of the magnetic field.
The magnetic field is allowed to vary from low values, which are below
electron cyclotron resonance (ECR), to high values above ECR. We also
observe that the microwave power absorbed by the plasma changes for these
runs. This variation could not be avoided, but we expect that the affect
of this change is small. For run 9, the temperature of the substrate has

been increased to 200 C. This is shown by the crystallite size values.
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A2, Experimental Procedure

PC Spectral Response — We used a tungsten filament, and selected

wavelengths with a monochromater. We did not achieve good collimating of
the light beam in our setup, so this can be an improvement in future
work. A variac may be connected to the light source, so that a constant
intensity or photon flux may be maintained. For wavelengths above 750 nm,
a long-pass filter must be used, so that the second order modes from the

diffraction gratings do not cause errors.

There is some speculation that illumination of the contacts will
also affect the photocurrent, and thus cause errors unless accounted for.
We did not find this to be a problem. To effectively exclude contact
effects we could either mask the contacts with paint or adjust the light
spot size with a lens. We have not found paint to be useful, and the lens
is easy to use only for well controlled (ie. collimated) beams. We
managed to measure the PC with and without illuminated contacts, and found

that there are no differences.

PC Temperature Dependence -~ We use the cryogenic unit, which controls the

temperature from 16 K 'to 380 K. The choice of electric field is
important, as we don't want to decrease the temperature and enter into a
space-charge regime. Also, we measured the PC for both increasing and
decreasing temperature, and therefore eliminated the possibility of

thermally stimulated affects.
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PC Intensity Dependence — The intensity dependence of the PC is easily

measured by using neutral density filters. The dark conductivity must be
subtracted from the photoconductivity, and for the lower intensities and
lower temperatures there is an increase in the time required to reach
steady-state. Therefore, more time is allowed for the PC to reach steady

state.
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