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Chapter 1 Introduction

In the past two decades, we have witnessed a rapid progress
in the study of amorphous semiconductors (mainly amorphous silicon
or a-Si). It still is one of the most active research areas in
condensed matter physics tonday. Similar to other endeavours, the
research is divided into two major directions: i) fundamental
research aiming to understand the amorphous system (the structure
of the material, the electron transport process, the electrical,
optical and other properties); ii) application research (material
and device fabrication etc.). The tremendous research efforts
currently going on in the world have been incited by the
successful application of the material in many areas such as
energy production and information processing etc.. For example,
solar cells made of amorphous silicon have achieved 13% conversion
efficiency (Ovshinsky, 1987). Other amorphous silicon devices
commercially available are photoreceptor, photoconductor, image
sensor, thin film panel display, anti-reflecting layer, thin film
transistor, etc.. Clearly this is a research fileld in which
applications and commercialization of the material and devices

provide most of the motivation.

Contrary to the perfect order in crystaliine materials,
amorphous materials are disordered. Amorphous networks do not have

long range order, but its short range order is largely preserved



or is similar to its crystalline counterpart with only minor
variations. There are various ways to produce amorphous Si: for
example, plasma glow discharge method (GD), sputtering, electron
gun evaporation, chemical vapour deposition (CVD) and its
variations such as homo-CVD, plasma enhanced CVD, laser enhanced
CVD etc.. A number of good review books exist on the fabrication
of amorphous materials: for example, "Electronic Processes in
Non-Crystalline Materials" (by N.F. Mott and E.A. Davis, 1979) and
"Physics of Amorphous Materials" (by S.R. Elliott, 1984). In our
laboratory, a low pressure chemical vapour deposition (LPCVD)
system is used for material fabrication. Detailed description of

the system is in chapter 3.

Among the above menticned material preparation methods,
plasma glow discharge (GD) and chemical vapour deposition (CVD)
are by far the most popular ones currently being used in research
and industry, because they generally produce better materials in
terms of transport properties as compared to other methods such as
sputtering and evaporation. The common feature of GD and CVD is
that they both use silane (SIH;) and corresponding dopant gas
phosphine (PHa) or diborane (BZHS) gas mixture as "raw" materials.
In the case of GD method, the gas mixture is introduced into a
plasma environment produced by a radio frequency electrical field
in which the gas mixture is dissociated and solid phase film
deposited onto substrates. The structure ( whether it is amorphous
or microcrystalline film ), composition, defect concentration and
electrical properties of the film are determined by factors such

as the substrate temperature Ts , radio frequency power, gas flow




rate and the substrate position in relation to the plasma
region,etc. In -general. the best GD =2a-Si s produced under
relatively low substrate temperature (Ts from 200 °C to 250 °C)
and hence contains as much as 5% - 20% hydrogen. The existence of
H in a-Si was recognized as a key contributor to the imprecved
network structure of the material because H can effectively
terminate dangling bonds and microvoids. It has also been
suggested (J.C. Phillips, 1979 and J.C. Knights, 1980) that B may
reduce the "microstrains” in the amorphous network. In 1975, Spear
et al. first successfully doped GD a-Si:H (W.E. Spear and P.G.
LeComb, 1975) and subsequently a p-n junction was fabricated. This

was considered a breakthrough in amorphous semiconductor research.

One of the serious disadvantage of GD a-Si is the so called
Staebler-Wronski effect (D.L. Staebler and C.R. Wronski, 1977):
the degradation of electrical properties of a-Si:H after intensive
light illumination. This effect will certainly Jeopardize the
reliability and performance of application devices such as solar
cells fabricated by GD a~Si:H. We recognized that high H
concentration, particularly the formation of Si-H2 bond are
probably responsible for the instablity of a-Si:H (see also, S.
Nakano, et al., 1987) and designed a two-step material fabrication
process, i.e.: 1) deposit Si film by low pressure chemical vapour
deposition (LPCVD) or by electron gun evaporation; and 1ii)
post-hydrogenate the film by ion gun. Similar attempts have been
made to reduce H concentration by CVD process (M. Nishikuni, et
al., 1983) and improve the electrical property of the film by

post-hydrogenation (Magarino, Kaplan and Friederich, 1982). CVD



a-Si sample generally contains very little H (less than 1%, for
instance) due to its high substrate temperatures (typically above
450 °C). Doped CVD a-Si has good electrical properties. The room
temperature conductivity of the amorphous sample can be controlled
from 1x107° to  1x10"'(Q-cm)”! depending on the doping
concentrations. The conductivity variation range for
microcrystalline Si can be even larger. Photo-conductivity is good
with a typical value of 1x10™°- 1x10™ (@-cm)™ for amorphous
samples under favorable conditions. No Staebler-Wronski effect has
been observed in post-hydrogenated a-Si samples ( Tong et al.,
1981, Akhtar et al., 1982, Delahoy, 1983, Ellis et al., 1984,
Thomas and Flachet, 1985, Wu et al., 1987, Tsou et al., 1987 ). At
U.W.0., heterojunction solar cell has been fabricated by LPCVD
(low pressure chemical vapour deposition) method and close to 10%
conversion efficiency has been achieved (chapter 4). CVD a-S5i is a
relatively pure maierial and its properties may be of intrinsic

interest to theoretical models of amorphous solid.

Amorphous Si finds application mostly in electronic transport
devices such as solar cells, thin film transistors, etc. It is of
fundamental 1importance to fully wunderstand the electronic
transport processes in the material. From experimental point of

view, transport property study involves the measurements of

conductivity o, Hall mobility My Seebeck coefficient S and other

related quantities. Because of the structure disorder in amorphous
materials, the behavior of the transport properties are
quantitatively different from their crystalline counterparts. A

good example is the Hall coefficient of a-Si.




Early works of Hall Effect measurements on amorphous
materials were concentrated on chalcogenide glasses ( See review
by M.Rollos, 1978 and Fritzsche, 1974 ). The measurements on
amorphous Si:H thin films fabricated by Glow Discharge method have
been made and reported by the Dundee group (P.G. LeComb, et al,
1977), the Marburg group (W. Beyer, et al, 1979 and H. Overhof, et
al, 1981), and by Dresner (J. Dresner, 1980). One of the most
interesting features of these measurements is the well known sign
anomaly of the Hall coefficlent, e.g., for a-5i thin films, the so
called "double reversal " phenomenon: the sign of Hall coefficient
of both phosphorus and boron doped films are opposite to that of
their single crystal (c-Si) counterparts ( or opposite to that of
their thermoelectric power ). So far, no systematic measurements
on LPCVD a-Si thin films have been reported. At U.W.0., we started
an extensive research program to study the transport properties of

LPCVD a-S5i and observed, for the first time, normal Hall

coefficient in some amorphous Si samples.




Chapter 2. Theories

The theory for crystalline solids (conventional solid state
physics) has been well developed for many years and numerous
standard textbooks are avallable for easy reference ( for example,
Kittel, 1968 ). Successful application of those theories to
semiconductor materials, particularly silicon, has been a major
contributor to the rapid development and growth of the
semiconductor industry that significantly changed the world we
live in today. Theories for amorphous semiconductors can be
considered extensions cof wolid state theory because many
fundamental concepts such as forbidden gap, conduction band,
valence band, Fermi level, doping effect, etc. are still valid and
frequently used. On the other hand, the lack of long range order
in amorphous materials does impose severe limitations on the use
of analytical mathematics in the theoretical work. In fact, one of
the characteristics of the amorphous material study is that most
of the scientific insight must be achleved without the help of
mathematical amenities which accompany periodicity 1in the
crystalline solid state. While some old approaches remain useful
for amorphous solids (chemical bonding viewpoint, for instance),
this challenge has been met mainly by new approaches such as
localization and percolation theories. In this chapter, some

related classical transport theory will be briefly reviewed. This

is followed by a description of conduction mechanisms in amorphous




materials. Large portions of this chapter are devoted to small
polaron theory because this ls the only existing theory to tackle
the Hall effect of amorphous material in a wunique and
comprehensive manner. And finally, some typical band models of

amorphous materials are presented.

2.1 Classical Model of Electron Transport
2.1.1 Hall Effect and Conductivity
In Fig.2.1, if a current bearing ( jx ) sample is introduced
into a magnetic field ( Bz). an electrical field Ey perpendicular
to jx and Bz can then be detected. Experimentally, it can be
established that Ey = RH jx Bz where RH is the Hall coefficlent.
This phenomenon was first observed by Edwin Hall in 1879 and
subsequently named after him. The simplest explanation of the Hall
effect is the following: consider charge carriers moving in a
solid as free particles with uniform velocity LA the Lorentz
force experienced by the particles is v, Bz e. Under equilibrium
condition, the Lorentz force should cancel the force due to Hall
fieid E :
y

ev B =¢E (2.1)
The current density jx can be expressed as:

jx =nv e (2.2)
where n is the carrier density. Combining Eq. (2.1), (2.2) and
E = RH jx Bz , one can easily get:

y

(2.3)




Bz

e

Jx

Fig. 2.1. The Hall effect




vwhere e is the charge of each carrier. For electron, the charge is
negative and for hole, positive. Hall coefficient RH is thus
closely related to the carrier type of the material. For n type
material (electron conductlion), Ru is negative and for p type
material (hole conduction) R“ is positive. According to Eq.
(2.3), the carrier concentration n can also be obtained through
the measurement of Hall coefficient. It {s amazing that this
simple experiment can yleld so much important information about

the electrical property of the material.

The Hall mobility My is defined as:

B, =0 R}l (2.4)
vwhere o is the conductivity of the material and can be expressed,
under the free particle model, as:

c=u en (2.5)
My is the drift mobility of the carrier. Eq. (2.3), (2.4) and
(2.5) give the conclusion that drift mobility My is the same as
Hall mobility o This is of course based upon the assumption
that charge particles in solids act as free particles - a very
simplified and yet effective model for the description of electron
transport in crystalline materials. A much more refined model used
in standard semiconductor physics literature ( see, for example,

Smith, 1978 ) that introduces different scattering mechanisms,

gives basically the same conclusions.

2.1.2 Thermoelectric Power
When a semiconductor sample is subjected to a temperature

gradient AT, a voltage drop proportional to AT will be generated



across the sample:
AV = S AT (2.8)

where S is called the Seebeck coefficient.

For a non-degenerate n-type crystalline semiconductor, the

thermoelectric power can be expressed as ( Smith, 1978 ):

S=- ( + A ) (2.7)

k
lel

where Ec is the energy level of the conduction band and Er is
the Fermi energy. Ac is a constant. In the case of extended
state conduction, Ac = 1. The sign of the Seebeck coefficient is
also carrier type dependent. In the case of crystalline
materials, it is positive for p type and negative for n type. The
carrier type determined by Hall effect measurement and
thermoelectric power measurement are in complete agreement for
crystalline samples. As we mentioned in chapter 1, this agreement

no longer exists in amorphous materials where anomalous Hall

coefficient has been observed.

In degenerate crystalline semiconductors, the Seebeck

coefficient can be written as :

s=(n® k% T/3e)(dlne(E)/dE] (2.8)

which is proportional to the temperature, and identical to the
equation used for metallic conduction. o(E) is the contribution to

conductivity at energy level E.




2.2 Band Models

For single crystal semiconductors it is known that the energy
distributions of the density of electronic states N(E) are
abruptly terminated at the valence band maximum and the conduction
band minimum. The sharp edges in the density of states produce a
well-defined forbidden energy gap. Within the forbidden energy gap
no electronic states are allowed while in the conduction or
valence band, the electronic states are extended, which means the
wave functions occupy the entire body of the material. These are
the direct consequences of the perfect short-range and long-range
order of the crystal. In an amorphous solid, however, the
long-range order no longer exists whereas the short-range order,
i.e. the interatomic distance and the bond angle, is only slightly
changed. The loss of long-range order and short-range order will
certainly influence the electronic structure of the material, but
the concepts of forbidden gap, conduction band, valence band as
well as density of states, originally from the study of single
crystalline materials, are still applicable to noncrystalline

semiconductor materials.

Anderson in his paper " Absence of Diffusion in Certain
Random Lattices " (1958) first fintroduced the concept of
localization. Mott (1970) further developed Anderson's work.
According to Mott and Anderson, the spatial fluctuations in the
potential caused by the structure disorder in amorphous materials

may lead to the formation of localized states, which do not occupy

I



all different energy states, but form a tail above and below the

normal bands. Mott assumed that there would be a sharp boundary
between the extended and localized states, the so called mobilit;
edge. In extended states the electron wavefunction occupies the
entire volume, while in locallized states, the wave function placed
in a region does not diffuse at zero temperature to other
regions. This diffusion can occur , however, with the assistance

of phonons.

The properties of different amorphous materials are quite
different. Based on Mott and Anderson’s work, several band models
were proposed. These models are similar to each other in a sense
that they all use the concept of localized states in the band
tails. However, as to the detailed structure of the tailing, these
models do show some differences. Fig. 2.2 illustrates the main

features of these models.

2.2.1 The C~F~-0 Model

The CFC model, shown in Fig. 2.2(a) and proposed by Cohen,
Fritzsche and Ovshinsky (1969), assumes that the tail states
occupy the whole band gap in a structureless distribution. This
model was proposed basically for the multicomponent chalcogenide
glasses used in switching devices. For these chalcogenide alloys
the discrder of the structure is so great that the tails of the
conduction and valence bands may overlap, leading to an
appreciable density of states iIn the middle of the gap. Due to
this overlapping effect, some of the states in the valence band,

ordinarily filled, will have higher energies than those in the
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conduction band which usually are unfilled. A redistribution of
the electrons must then take place, forming filled states, which
are negatively charged, in the conduction band tail, and empty
states, which are positively charged , in the valence band talil.
This model, therefore, ensures self-compensation, and pins the

Fermi level close to the middle of the gap.

2.2.2 The Davis-Mott model

This model was proposed by Davis and Mott in 1870. According
to their postulation, the tails of localized states do not occupy
the whole forbidden gap; instead, the energy distribution of these
states could be very narrow and extends a few tenths of an
electron volt into the forbidden gap. There also exists a band of
compensated levels near the middle of the gap, due to the defects
1n the random network, e.g., dangling bonds, vacancies, etc.. Fig.
2.2(b) shows the main features of this model: Ec and Ev represent

the energies which separate the localized and extended states.

2.2.3 The Mott Model

The Mott Model is actually a modified Davis-Mott Model( some
people call it " modified Davis-Mott Model " ). It was proposed by
Mott in 1972. The main feature of this model is that the band near
the middle of the band gap may be split into a donor and an
accepter band, which will also pin the Fermi level. It is shown in

Fig. 2.2(c).

2.2.4 The Marshall-Owen Model

This model was suggested by Marshall and Owen in 1971. It was
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proposed to explain the high field drift mobility in Aszsea. In
Fig. 2.2(d), the energies Ev and Ec have the same meaning as that
in the Davis-Mott model. The Fermi level is determined by a band
of localized acceptor states which lies below and a band of
localized donor states which lie above the gap center. The
concentrations of donors and acceptors adjust themselves by self
compensation to be nearly equal so that the Fermi level remains

near the gap center.

2.3 Transport Mech sms in a - Si
2.3.1 Conductivity of a-Si
Electrical conductivity of amorphous silicon 1involves
contributions from several conduction paths:
1) electron transport in extended states above mobility
edge Ec (for elecirons)} or below Ev (for holes );
2) phonon - assisted hopping through localized states
within the mobility gap;
3) at very low temperature the variable-range-hopping

process will dominate the conducting process.

The 1long range disorder in amorphous Si causes strong
scattering effects, resulting in a short electron mean free path
Le in extended states. Le usually is defined as the distance in
which the electron eigenfunction loses phase coherence. Near Ec '
Le is of the order of the average atomic spacing ( Nagels, 1979 ).
Thus, conduction in extended states resembles Brownian motion

with a relatively poor mobility B Mott and Davis (1973)
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derived an expression for H,. 25 follows:

k., = 1/6 (e/kT) h/m (2.9)
m in Eq. (2.9) is the mass of free electron and h, Planck’s
constant. Using expression (2.9), one can calculate the mobility
value in extended states. At T=300 X ( room temperature )}, it is
estimated to be = 6 cm’/V s. This value is much smaller than that
in c-5i and corresponds to a mean free path comparable to or less
than the interatomic distance. Cohen suggested that conduction in
this case would be described more properly as a diffusive or

Brownian-type motion ( Mott, 1870 ).

One expects the contribution to conductivity by electrons
above Ec to have the form ( see Fig. 2.2 for the definition of

E ,E ,E ,E and E ):
A B F

c=0 exp[-(Ec -EF )/kT] (2.10)

From optical absorption measurements on amorphous
semiconductors it is known that the band gap decreases with the
increase of temperature. The energy difference therefore will show
a similar behavior. If the temperature range is not so wide, one

can assume a linear relation as follows:
E -E =(E -E ) -72T (2.11)
Combining Eq. (2.10) and (2.11) we have:

c=0 exp[-(Ec -EF )° /kT] (2.12)




where

co=emn . N(Ec) k T exp(y/k) (2.13)

from Eq. (2.9), H . is proportional to 1/T, so o, is temperature
independent and, according to Mott (1970), lies between 10 and 103

for most amorphous semiconductors.

Below Ec , carrier transport is phonon-assisted hopping
between localized states. Carriers will be first excited Into
localized states at the band edges and then hop at energies close
to EA and I-:B : the conduction process can be written ( Mott,

1979 ):
o =aaexp[-(EA- EF *w )/7kT] (2.14)

where w, is the activation energy for hopping and o, should be

several orders of magnitude less than .

At low temperature, the conductivity is determined by the
distribution of localized states within the mobility gap. As the
temperature is lowered, the maximum contribution to
phonon-assisted hopping will shift towards the Fermi energy Er’
resulting in a decreased activation energy. At sufficiently low
temperatures, the hopping conduction near Fermi level will
dominate the transport process. Conduction near the Fermi level

involves a hopping energy w, and is of the form:

o= o'zexp(*w2 /KkT) (2.15)
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where o < ¢..
e 2 1

At an even lower temperature range, the energy of phonons is
not sufficlent to assist hopping between nearest neighbors.
Carriers are forced to seek only energetically similar sites,
resulting in a dominance of the variable-range-hopping process.
The temperature dependence of conduction by variable-range-hopping

has been derived by Mott (1973) and has the form:

174
)

o =05exp(-B/T (2.18)

We have discussed so far the conduction process of different
conduction mechanisms separately. The total conductivity for all
processes can be obtained as an integral over all avallable energy

states above EF :

c=[ o(E) dE (2.17).

In Eq. (2.17) o(E)=e N(E)u(E)KT df(E)/dE and f(E) is the
Fermi-Dirac function. Fig. 2.3 shows N(E), u(E), f(E) and df(E)/dE
for states above EF and the change of ¢(E) with temperature. This

is also jllustrated in Fig. 2.4.

2.3.2 Hall Effect of a-Si

The classical model of Hall effect (§ 2.1) is successful for
crystalline semiconductor materials. In amorphous materials, due
to the hopping nature of the electron transport process, things

become much more complicated. We know from standard transport

theory the following equations:
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L=( o' (2.18)
D= p kl/e (2.19)
p = (e/kT) W o (2.20)

v is the thermal-velocity of the carriers, D is the diffusion
constant and T the mean time between scattering events. Combining

these equations we can relate the mean free path to the mobility:

L (cm) = 3.8x107° (m./m) pem2/vs) (2.21)

*»
where m is the free electron mass and m the carrier effective

mass. From Eq. (2.21) one sees that when u < 5 eme/v s, the mean

free path of the carriers Is smaller than 2 Angstrom ( taking m.
m ) which is comparable to or shorter than the mean distance
between atomic sites in the semiconductor. When L is less than the
interatomlc distance, one can no longer use classic methods to
treat this problem anymore, i.e. one cannot analyze the Hall
effect by calculating the Lorentz force as though the electrons
are delocalized. Instead, one must calculate the Jumping
probablility between localized sites in the material using a
quantum mechanical approach. One example of such a calculation

will be presented in next section (§ 2.4).

By using a random phase model, Friedman (1971) has found
theoretically an expression for the Hall mobility in the extended

states near the mobility edge. His result has the form:

u, = anle a/h) [d°) N(E, Yaly /) (2.22)




J 1s the overlap energy integral between neighboring sites (see §

2.4 ); a is the interatomic spacing; 4 is the coordination number
- -

and 4 that of the interacting sites ( Friedman took 4 =4=6 ); «

is a parameter of the order of 1/3.

From Eq. (2.22) an estimate of the magnitude of My is made
and the value found = 0.1 cm’/V s. Furthermore, the Hall mobility

and the conduction mobility have the following relation:

w, /u, = KT/J (2.23).

J usually is of the order of 1 eV. Unlike crystalline material,
the Hall mobility of amorphous material is considerably smaller

than the conduction mobility.

In the next section, we will further discuss Hall effect of

a-Si from small polaron point of view.

2.4 Small Polarons

The classical free particle model in § 2.1 is based on the
assumption that the carriers have long mean free path, i.e. the
mobility of the carriers in solids is high. This is a valid model
for wide band, high mobility material such as c¢-Si. In low
mobility materials the behavior of carriers is expected to be
different. Some aspects of those materials can be described by

small polaron theory.

The notion of a small polaron was introduced by Lev

Davidovich Landau almost 60 years ago (L.D. Landau, 1933). This
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concept was further developed by T. Holstein, L. Friedman and D.
Emin ( Holstein, 1959, Friedman and Holstein, 1863, Emin, 1971 ).
In this section, only the concept, physical picture of the
transport process of small polaron and some important results

regarding Hall effect are presented.

An excess charge carrier in a solid will distort Iits
surroundings due to the Coulomb interaction. If the mobility of
the carrier 1is sufficiently low so that it can stay in one
location for a relatively long period of time, the distortion will
be more prominent. These distortions or atomic displacements are
such as to lower the potential energy of the excess charge. If the
potential well produced by the displacement pattern |is
sufficiently deep, the carrier may occupy a bound state. In this
circumstance the excess charge cannot escape from its position in
the solid without an alteration of the positions of the
surrounding atoms. Since the potential well that binds the carrier
arises from atomic displacements caused by the presence of the

carrier, the carrier is said to be self-trapped.

The polaron is the entire unit comprising the self-trapped
carrier and the atomic displacement pattern. It is called "small"
polaron because the spatial extent of the wave function of the
excess carrier is less than or comparable to the atomic spacing.
The electron wave function becomes localized and can move only in
response to appropriate motions of the surrounding atoms. A
possible process is pictured in Fig. 2.5: two neighboring sites 1

and 2 with wave function W1 and w}' From quantum mechanics, we
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(a)

(b)

Fig. 2.5. Localized small polaron and overlap integral J.




know that the transition probability of an electron from 1 to 2

should be related to the quantity J = J w: H y,d% d?,  where H 1s
the Hamiltonian of the electron-lattice interaction. If the two
sites are so far away such that W1 and wz almost do not overlap (
J = 0 ), the transition probability from 1 to 2 will be almost
zero. J 1s called the overlap integral that we have already
mentioned earlier ( see Eq. (2.22) ). A nonzero J is important in

hopping transport.

The Jjumping probabjlity of the lowest order from site 1 to
site 2 with the presence of a magnetic field H ( see Fig. 2.6(a) )
hags the form ( Holstein, 19539, Friedman and Holstein, 1963, Emin,
1971 ):

w, =CJ 2 exp(-8, /KT) (2.24)
where C is a constant and 8é is the energy difference between 1
and 2. One notices that ua o« J 2 and even more importantly, wé is
independent of magnetic field H ( if H is sufficiently weak ),

therefore makes no contribution to the Hall effect.

If we consider jumping probability of higher order, {.e., the
electpon hops from site 1 to site 3 through an intermediate site 2
( see Fig. 2.6(b) ), a magnetic - field dependent Jumping
probability can be obtained as follows (Friedman and Holstein,

1963):

e H-A 3
w:(’H) = (2n? —2 ) exp(-6_/KT) (2.25)
e  WITKTE,

where H is the magnetic field and A321 is the area enclosed by




(a)

Fig. 2.5(a) Two sites electron transfer with the presence of
magnetic field H.

3
H

VAN

(b)

Fig. 2.5(b) three sites electron transfer with the presence of

magnetic field H.
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site 1-2-3 ( Fig.2.6(b) ). 83 is the energy of site 3 relative to

site 1. This result can be viewed as a consequence of the
interference effect of wave functions between route 1 — 3 and
route 1 — 2 - 3. The magnetic fleld dependence factor in Eq.
(2.25) comes from the phase difference of exp(in-A321 ) (¥ is a

constant) between route 1 — 3 and route 1 — 2 — 3.

Once the Jjumping probability from site 1 to site 2 Iis
obtained, the average velocity of an electron in the solid can

then be calculated from:

3 _ a3 (W
v = E r,ow (2.26)

? is the position of the i*M atomic site relative to the original
position of the electron and the summation in Eq. (2.26) is over
all the nearest neighboring sites. From the velocity of the
electron, the Hall mobility can be deduced. For a simple
2-dimensional hexagon configuration, Friedman and Holstein (1963)
were able to obtain an expreésion of Hall mobility according to

this small polaron model:

172
)

4kTE h
2

luH | =ne a4 exp{-(8'3-82 )/kT} (2.27)

85 and 85 are the energy of site 2 and 3 relative to site 1, a is
the site distance. The behavior of Eq. (2.27) agrees
quantitatively with the M, VS. 1/T data measured from various
amorphous materials (Emin, 1978). Furthermore, according to this

model, under certain atomic lattice configurations, sign anomaly

of Hall coefficlent may indeed occur. Emin (1977) concluded that
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the sign of Hall coefficlient follows the rule:

1

1,301 ) (2.28)

Sign(R ) = Sign(e™" a J
1=1

For "holzs", ¢ = +1 and for electrons, € = -1. 1 in Eq. (2.28)
represents 1** pand ( for example, i can be conduction or valence
band ). n is the number of atomic sites in a complete ring ( See
Fig. 2.6(b): there are 3 sites in the ring ). For rings with
even-number sites, Eq. (2.28) predicts a normal Hall coefficient
for both holes and electrons. For odd-number rings, Eq. (2.28)

becomes:

n

- 1
Sign(RH ) = Sign(J];[le’j‘1 ) (2.29)
The sign of RH is then determined by the sign and number of
overlap integral J:
_ » 3 3
J=J wl H wz dr‘ldr2 (2.30)
If the conduction path is 1in conduction band - electron

conduction, Eq. (2.30) gives a positive J fr electron conduction

because: 1) *; and ¢2 should be asymmetric wave functions for the
anti-bonding configurations; ii) the small polaron energy H is
also negative, the integration of Eq. (2.30) should then be
positive. Following Eq. (2.29), the sign of the Hall coefficient
is then positive - anomalous sign for electron conduction. For
hole conduction in valence band, wl and wz are symmetric, Eq.
(2.30) thus yields a J with negative sign. The Hall coefficient of
hole conduction is negative according to Eq. (2.29): anomalous

again for hole conduction.




The important conclusion from the discussions above is that
the sign of Hall coefficient in amorphous material depends not
only on the carrier type but also on the local lattice geometry of
the material network. Even though the theory itself does not
exclude the possibility of normal Hall coefficient from amorphous
materials, in practice, it is surprising that so far all the Hall
effect measurement of amorphous.materials showed abnormal signs
(see review by Rollos, 1978). In chapter 5, we will further
discuss this matter and report the observation of normal Hall

coefficient in our LPCVD a-Si samples.
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Chapter 3 Sample Fabrication and Dopant Concentrationw

3.1 Sample Fabrication

Bx 311-)( and Px Six-x ( X is the percentage of boron or
phosphorus atoms in solid phase films ) thin film samples are
fabricated by the LPCVD method (Low Pressure Chemical Vapor
Deposition) which decomposes silane and diborane (or silane and
phosphine) gas mixture thermally and deposits the film onto a
substrate. Since the fabrication procedures of these two different
materials are exactly the same, we only take the fabrication of Bx
Six- film as an example here.

Fig.3.1 is the diagram of our LPCVD system. Two 1000 W light
sources are employed as power sources to dissociate the reaction
gas and raise the substrate temperature. During sample fabrication
SiH‘ gas diluted by Ar ( 3 % silane and 97 % Ar, in some cases 10
% silane and 90 % Ar ) and B2HB , gas which is also diluted by Ar
(1 % diborane and 99 % Ar, in some cases 0.03 % diborane and $9.97
% Ar), flow simultaneously into the reaction chamber, passing
through a graphite reactor ( the reactor is a graphite box with
only two open ends in the direction of the gas flow so that the

gas mixture can pass through it. the sample substrate is situated

¥ This chapter has been published in J. Non-Cryst. Solids, 110,
179 (1983).
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inside the graphite box ) which is heated by the two light sources
placed above and below the reactor. When the gases pass through
the graphite reactor, they are dissociated and silicon films are
deposited onto the substrates (usually we us; Corning 7059 glass

or c~Si wafer).

The parameters controlled in the fabrication process are the
flow rates of SiH‘ and dibo' . 2, the reaction chamber pressure,
and substrate temperature Ts’ The flow rate of the gas mixture
(silane plus diborane) and the reaction chamber pressure are kept
constant for all sample fabrications (total flow rate: 804
SCC/min.; reaction pressure:3.0:0.02 Torr). The parameters
systematically changed are the flow rate ratio (R) of the two
gases and the substrate temperature Ts . Co~ »»lling these two
parameters, films with different properties over a very wide range
can be obtained. In this chapter, the correlation between dopant
concentration (phosphorus or boron concentration in the films) and
fabrication parameters R and Ts will be discussed. In the next
chapter, we wlll further discuss the influence of 'I's and R on
material structure (whether it is amorphous or micrecrystalline)

and how the transport properties are affected by R and Ts.

3.2 Dopant Concentration Study by SIMS

Doped silicon thin films are usually deposited from a gas
mixture of silane and the corresponding hydrogen compounds of the
dopant in the gaseous form: for example, diborane Bz“e and
phosphine PH3 . Thus in nearly all published articles, it is the

gas mixture ratios that are specified no matter by what process
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{Glow Discharge (GD), Homo-CVD (Chemical Vapour Deposition), or
Laser-CVD and such } the films are deposited. The amount of dopant
present in the solid phase film 1s estimated from this ratio.
Through the work of Carlson (GD) (Carlson et al., 1982) and of
Magarino (Magarino et al., 1982) (CVD), it has been realized that
this estimation Is lower than the true concentration by a factor
that according to Carlson, is about 2.5, and Magarino, from 5 to
50. It is generally accepted that the concentration of dopants in
the solid film is higher than that in the gas mixture, differing
at most by one order of magnitude, and it is about the same for
different dopants. For this reason, all studies on various
properties of the film, for instance the position of Fermi level,
the conuuctivity etc., are usually correlated to gas mixture

ratios.

A little thought on the chemistry of decomposition of silane
and the dopant gas, diborane or phosphine, would raise questions
such as: would the decomposition in glow-discharge or microwave
discharge be different from that in the pyrolysis of the gas
mixtures, and would the concentration be insensitive to the dopant
species? We have carried out a large scale SIMS (Secondary Ion

Mass Spectrometry ) study on the concentration of dopants, boron

and phosphorus, in solid phase films produced by pyrolysis in a
LPCVD ( Low Pressure Chemical Vapour Deposition ) system. Over 120
samples deposited at different substrate temperatures and
different gas ratios R have been analyzed. The primary objective
of this study was to investigate systematically the variations of

solid phase dopant concentration in the LPCVD Si film as a




function of fabrication conditions since very little data are
available on this subject. The predictions of solid phase
concentration under different fabrication conditlons require
detailed knowledge of the chemical reaction process which is still
not possible at the present time. Hopefully this study will
provide some empirical relationship for LPCVD Si thin films. There
is no reason, however, to believe that the B and P concentrations
in the film have the same behavior over the fabrication
conditions because the reaction species are not the same. SIMS
results indicate that the ratio S/R (dopant concentration in the
solid film (S) to that in the gas mixture (R)) for phosphorus and
boron doped films are indeed substantially different. In general,
we found that this ratio depends on the deposition temperature,
gas mixture concentration, the dilution of carrier gases and other
parameters. More interestingly it was realized that the physical
properties of the films when presented in terms of the true
concentrations in the solid film are significantly different and
more meaningful from those presented against gas mixture ratios.
During this investigation a Si-B alloy had also been identified

and reported (K.P. Chik, N. Du et al, 1985).

Dopant concentration in the solid film was determined by SIMS
(Cameca IMS 3f at Surface Science Western). The absolute amount of
phosphorus or boron present in the film was obtained by comparing
the measured mass-spectral signal with standards which are single
crystal wafers implanted with a known dosage of dopant atoms. It
was assumed that structural differences in amorphous,

microcrystalline and single crystalline materials have no effect
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in the concentration measurement. The “plough phenomenon" in SIMS

provides no difficulty here since the profile 1s uniform
throughout the film. The depth profile of dopant atoms in the
films was measured by using 0; fons for sputtering. Siao was used
as a reference to monitor the dopant concentration. An example of
118 probing is shown in Fig. 3.2. Normally beyond the 50-100 A
surface layer, the concentration of dopant is uniform throughout
the bulk of the film (usually around 5000 A). The detection limits

of both boron and phosphorus atoms are around lols/cms.

The measured results are shown in Fig. 3.3(a) and Fig. 3.3(b)
for boron and phosphorus doped films respectively. In the case of
boron doped films, the value S/R seems to remain quite constant in
the range of gas ratio R investigated. We suggest that this
invariance can be expressed by a linear relation S=b(T)R to a good
approximation, where b(T) is a proportional factor which strongly
depends on the substrate temperature. In Fig.3.3(a), it varies
between 4 and 50 in the temperature range from 500°C to 620°C. On
the other hand, the S/R value for phosphorus doped films depends
not only on the deposition temperature, but also on gas ratio
which is shown clearly in Fig.3.3(b). The different behavior of
the S/R ratio for B and P doped 1films suggests that the chemical

reaction mechanisms in the two cases are different.

It is known that the rate of dissociation of the individual
gases diborane, silane and phosphine decrease in the order ( R.P.
Clark et al., 1951, J.K. Bragg et al., 1951, J.H. Purnell et al.,

1966 and D.M. Wiles et al. 1957 ): BZHB > SiH‘ > PHa' One might
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Fig. 3.3(a) The ratio of solid phase concentration and gas phase
concentration S/R vs. gas phase concentration R for
boron doped samples (substrate temperature Ts: @ 500,
A 560, @ 620 ).
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expect that the phosphorus concentration in the solid phase film

would be less than that in the gas mixture if the decomposition of
Bz"e' SiH‘ and PH3 were independent. However, experimental results
show that for both boron and phosphorus doped films, the soiid
phase concentrations are all higher than that of gas mixture
ratio. One has to consider the chemical reaction processes that
take place between all specles in the reaction chamber. In
addition to these processes, the'sticking ceefficlent of reactants
to the growing surface must also play an important role. The
functional relation between these parameters and film composition
is unknown. A large change in dopant concentration in the solid
film frem 0.001% to 50% is observed in the range studied. Our
strategy is to measure large number of samples at various
fabrication conditions in order to gain a general trend of solid
phase dopant concentration variations. SIMS measurements usually
give us accurate results ( better than 1% , for example). The
uncertainty of the solid phase concentration in Fig. 3.3(a) and
Fig. 3.3(b) is mainly due to the repeatability of the fabrication
processes, which has been studied for some selected fabrication
conditions. For example, 1.9 at.% , 7.5 at.% and 3.2 at.% were
obtained for 3 repeated boron doped samples under the same

o

fabrication conditions, e.g. R=4x10-3 and Ts= 540 C. Our
estimates of the standard deviation of the data points in Fig.
3.3(a) and Fig. 3.3(b) are in the range from 10% to 300% . The
fabrication parameters have to be controlled carefully. A Vacuum
General 84-4 flow/ratio controller with a range of 0 - 100

scc/min. was used for gas ratio control. The fluctuation of gas

ratio readings are less than 5% . A variation of 4 °C in the




temperature distribution was generally observed in our reaction
chamber. Other factors were gas pressure, the speed of gas flow,
and the dilution of the carrler gas, the dependence on which has

not been determined.

Many Iimportant consequences emerge when the true dopant
concentration in the solid film is known. A few examples of boron

doped LPCVD films will be mentioned here.

Fig.3.4 gives a 3-dimensional plot of boron concentration (S)
in films deposited under the various conditions of gas ratio
BZHB/SIH4 (R) and substrate temperature ('l‘s ). There is a sharp
rise of S, boron concentration in solid phase, when R, boron
concentration in gas phase, is larger than 1x10'3 and when the
substrate temperature 1is below 500°C. Under the conditiors
reported here, S can peak at nearly 50 atom’%. It is obvious that
the material can no longer be regarded as a boron doped silicon
film in the whole range of deposition conditions. We define that
material containing more than 5% boron as silicon-boron alloy. The
deposition conditions producing amorphous, alloy ( also amorphous
in structure ), and microcrystalline materials are shown in
Fig.3.5. Previous authors also realized that wunder certain
conditions high concentration boron material (B/Si=0.7) was

produced by the glow discharge method ( C.C. Tsai et al., 1877).

Dark conductivity and photoconductivity of LPCVD
microcrystalline material when plotted against the gas mixture

ratio have the same general shape (Fig.3.6, 3.7). The curves are




Fig. 3.4. Boron concentration in film varies as function of gas
ratio R and substrate temperature Ts.
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approximately symmetric about the zero dopant vertical axis. The
same plot against the solid phase film concentration, however, do
not have this symmetry (Fig.3.8, 3.9). Measurement results in
Fig.3.8 1indicate that dark conductivity of ©boron doped
microcrystalline films increase rapidly when the solid phase
concentration exceeds 1x1019 atoms/cms. For phosphorus doped
films, the dramatic change in conductivity occurs when solid
concentration is higher than 5x1019 atoms/cn’. Therefore, boron
doped microcrystalline films have higher doping efficiency than
phosphorus doped ones. Below the solid concentration threshold of
1019, the dark conductivity is insensitive to the dopant atoms,
suggesting the phosphorus (or boron) atoms in the low doping range
are doping inactive. The threshold value of 10'° is in agreement
in magnitude with the ESR (Electron Spin Resonance) signals of
undoped or very lightly doped microcrystalline samples which are
generally correlated with defects due to dangling bonds. A detailed
ESR measurement (X.W. Wu et al., 1987 and M. Hirose, 1978) shows
that the dangling bond density of microcrystalline films decreases
with the 1increase of phosphorus (or boron) solid phase

concentrations (ESR signal decreases from 1019 to 1017,

for
example), due to the compensation by P (or B) atoms. In
microcrystalline Si films, dangling bonds are possibly located at
grain boundaries (C.H. Seager et al., 1981 and P.M. lLenahan et
al., 1984) and P (or B) segregation may occur. But we have little

direct evidence at the present time.

In conclusion, the gas ratio R which usually serves as a

fabrication parameter is not indicative of the physical properties
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of the deposited films. One has to measure the dopant

concentration S in order to gain some insight into the properties

of the film.




Chapter 4 Structure Characterization#

In chapter 3, we discussed the fabrication process of Si thin
films by low pressure chemical vapor deposition (LPCVD) method and
demonstrated that the substrate temperature Ts and gas flow ratio
R(R= PHﬁ / SiH; or R = BZHs / SIH‘ ) are the two most important

fabrication parameters which determine the dopant concentration

(S) in Si films. Another even more important aspect of Si film is
its network structure (whether it is amorphous or
microcrystalline) because it is the structure of the material
which largely determines (its electrical, optical and other
properties. In this chapter the structure of LPCVD Si thin films
and its relation with Ts and R are studied systematically by the

following approaches:

1) Direct structural characterization techniques such as

X-ray diffraction, Raman scattering and transmission

electron microscopy (iEM);

2) Transport properties of the films ( conductivity,
Seebeck coefficient, etc. ) because a-Si and uc-Si are

expected to have different electrical properties;

¥ This chapter has been published in J. Appl. Phys. 68, 5894
(1989).

——%




3) The performance of a p-n heterojunction fabricated by

n type LPCVD Si films on top of p type c-Si wafer.

4.1 Direct Structural Analysis
4.1.1 Determination of Film Thickness

Most of our films have a thickness of several thousand A. The
thickness was measured using a stylus ( Dektak M-611(0) at Surface
Science Western ) with a thickness resolution of 50 A. In order to
create the substrate-film step for the measurement, part of the
substrate was covered with graphite. It was then removed after
deposition to exﬁose the bare substrate surface. To check this
measurement, a secondary ion mass spectrometry ( SIMS, Cameca IMS
3f of Surface Science Western ) depth profile for Si was made. The

results of the two methods agreed within the experimental error.

4.1.2 X-ray Diffraction
All the LPCVD Si samples were subjected to X-ray diffraction
analysis. Crystalline samples usually show some characteristic
diffraction peaks while for amorphous samples, no peaks are
observed. Fig. 4.1 shows typical diffraction scansfor uc-Si and
a-Si. If we map X-ray results with fabrication parameters Ts and
R, two-dimensional diagrams are obtained as in Fig. 4.2 ( P doped
films ) and Fig. 4.3 ( B doped films ). One can clearly see that
for our fabrication conditions, both a-5i and uc-S1 can be
obtained. The crystallinity of the Si film is more sensitive to
substrate temperature than it is to gas ratio R. With increase in
substrate temperature, the structure of the material gradually

change from amorphous to microcrystalline.



X-ray intensity

[ —]
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&

Fig. 4.1, X-ray diffraction of a-Si and pe-Si,
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4.1.3 Raman Spectroscopy

X-ray diffraction gilves us a general trend of the structural
changes of St film with fabrication conditions (Fig. 4.2 and 4.3).
With the X-ray data, one at least knows qualitatively where the
a~Si/uc-Si boundary lies. For the materials In the transition
area, more detalled structural analysis has been further carried
ou. by Raman spectroscopy. Raman is a powerful technique because
of its sensitivity to the structural changes in the material. In
particular, some very important information about the short range
order of the material network can be obtained by Raman
spectroscopy. For example, the bond angle fluctuation of a-Si or
a-Ge can be derived from Raman spectrum ( Kshirsagar and Lannin,
1982 ). Our Raman spectrum was obtained at Surface Science \lestern
( DILOR OMARS 89 ) by Dr. I. Hill. The wave length of the laser
beam was 514.5318 nm and the laser power was between 25 mW to 80

mW.

Fig. 4.4 i1s the Raman result for typical phosphorus doped
amorphous ( R=4x10", T, = 540 °C ) and microcrystalline ( R =
1x10'3, Ts = 600 °C ) samples. For comparison, a spectrum of P
doped single crystal Si (c¢-Si) is also included in Fig. 4.4. The
Raman peak for c-Si 1s situated around 520 cm™! while the broad
peak near 475 em ! is characteristic of amorphous Si ( Kshirsagar
and Lannin, 1982 ). For uc-Si, the peak is shifted towards high

wave-number direction.
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Fig. 4.4, Raman scattering results of a-, uc- and c-S1i.




4.1.4 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) results of a-Si as
well as upc-Si are shown in Fig. 4.5 ( HITACHI H-800 at Dept. of
Pathology. The electron acceleration voltage was 100kV and the
magnification was 0.4 -1.5 k ). The amorphous sample shows typical
diffused diffraction rings which are associated with the lack of
long range order. In the case of uc-Si, sharp rings and some times
scattered diffraction spots are observed. Amorphous samples
usually have smooth surface under electron microscopy while for
puc-Si  films, some columnar microstructure were <cbserved,
especially when the film is relatively thick ( over 1 um, for

example ).

Raman scattering and TEM are generally more sensitive to
structural changes of materials thza X-ray diffraction. This
becomes very important for samples c¢lose to the a-S1 — pc-Si
transition boundary. In some cases the samples show no X-ray
diffraction peaks, while Raman and TEM clearly indicated that they

are uc-Si.

4,2 Material Structure and Transport Properties

Electrical transport properties of Si thin films can be used
as an indirect approach to study the influence of TS and R on the
network structure because the electrical properties of the
material are usually closely velated to its network structure and

should reflect its changes. While it is difficult to assess the

sensitivity of this approach to small structural changes ( average
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Fig. 4.5, Transmission electron microscopy (TEM) of a- and uc-Sj.
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bond angle, for example ) in a-Si, drastic structural change such
as a-Si to uc-Si transition should be reflected in electrical
transport properties. The conductivity measurement (o), when
combined with Seebeck coefficient S, can give us important
information about different current transport processes and paths
in a-Si. S 1is an energy-weighted sum of the microscopic
conductivity o(E) of the material and is therefore sensitive to
which energy path contributes most to the conduction process. In
literature, o and S are the most widely studied aspects of a-Si
because of their practical importance ( Chik, Chan, Tam, Tong,
Wong and John, 1989, Jones, Le Comber and Spear 1977, Beyer, Mell
and Overhof 1977, Jan, Bube and Knights 1579, Anderson and Paul
1982, Zimmer, Bube and Knights 1989, Ghiassy, Jones and Stewart
1985 ). In this section, the effects of Ts and R on conductivity
and thermoelectric power are presented. One will see that a-Si —
pc-Si transition from transport property study agrees well with

the result from direct structural analysis techniques of § 4.1.

4.2.1 Conductivity

The general features of room temperature dark-conductivity
(0) of various n type films fabricated under varying substrate
temperatures ('I’s ) and gas ratios (R) are shown in Fig. 4.6. One
notices that there is a large change in conductivity (by several
orders of magnitude) in each curve at a certain substrate
temperature. With 1increase in R, it shifts towards lower

1 x 107, the

temperatures . Beyond TS = 580°C and R
conductivity is high and remains saturated. The drastic change in

conductivity around 560 - 580 °C is clearly an indication of
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structure transition from a-Si to upc-Si. uc-Si has lower defect
density and better lattice structure, and its doping efficliency (
the ratio of carrier concentration and solid phase dopant
concentration ) and drift mobility are much higher than those of
a-Si. The conductivity of uc-Si should also be much higher. The
structure of the films has been examined by x-ray diffraction,
Raman spectroscopy and transmission electron microscopy
measurements ( § 4.1 ). The transition temperature from a-Si to
uc-Si obtained by those methods agrees well with what 1s observed
in transport property measurement. Based on these data, an
amorphous-microcrystalline transition temperature close to 560 -
580°C for phosphorus doped films was identified . Notice that at R
= 4 x 1072, there is a range from T, = 520 - 560°C which produces
amorphous silicon which has high conductivity. Optical band gaps
of the various silicon films were measured to be in the range 1.2
to 1.6 eV, progressively increasing for amorphous films. Boron
doped films have similar results. A-Si to puc-Si transition
temperature for p type film is lower than that of n type films.

Typically it is around 440 - 460 °C.

The influence of gas ratio R on conductivity ¢ is shown in
Fig. 4.7 ( n type ) and Fig. 4.8 ( p type ). Again, there exlists a
sudden change in conductivity at a certain gas ratio R which also
depends on substrate temperature TS: at higher TS. it shifts to
lower R values. This means that the Si film fabricated at high
temperature ( uc-Si ) has higher doping efficiency than those
fabricated at lower temperatures ( a-Si ). The drastic change in

conductivity here is clearly due to doping effect, i.e., the Fernmi
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level is slLifted by the introduction of P or B atoms into Si. From
SIMS study in chapter 3, we knew that a-Si has much higher sollid
phase concentration S than uc-Si under the same gas phase ratio R
and even in the low conductivity range in Fig 4.7 and Fig. 4.8 , P
( or B ) concentration in Si film can still be quite high.
Obviously not all doping atoms (P or B) are doping active in Si
films. In fact, the doping efficiency of a-Si is usually very low.
The reasons are probably twofold: first, P ( or B ) atoms can act
as dopant only in a 4-fold environment such as c-Si. In a-5i, due
to the relaxation of network structure, large number of B ( or P )
atoms will be in 3-fold configurations.® The doping efficiency of
a-Si is thus conslderably reduced. Secondly, the existence of
unpaired dangling bonds in the middle of the band gap traps
electrons, reducing the carrier concentration in conduction band
and thus also lowering the doping efficiency. While those two
processes may coexist in a-Si, Hall effect results indicate that
the latter dominates in pc-Si films ( see § 5.3.2 of chapter 5 )
where the threshold value of solid phase concentration for filling
up the dangling bonds 1is almost identical to the value of
dangling-bond density. This is easy to understand because when the
material network structure changes from a-Si to uc-Si, most of the
dopant atoms are forced into fourfold configuration. The dangling
bonds, however, will still exist, particularly in the region of

grain boundaries. Our electron spin resonance (ESR) measurements

#  According to N.F. Mott (Adv. Phys.16, 49, (1967)), the atomic
coordination in random network follows the "“8-N" rule: the atoms

bonded into amorphous solid should have a coordination of min(N,

8-N), where N is the number of valence electrons. Following this
rule, both B (N=3) and P (N=5) have 3-fold configurations.

L




show that both undoped a-Si and pc-Si have basically the same
dangling-bond density ( in the order of 5x10'% cm™3 ). Comparing
with a-Si, pc~Si should have higher doping efficiency because only
one mechanism operates. This ls also why a single electrical
compensation model works so well in the case of uc-Si { this model

is presented in chapter 5 ).

The network structure change from a-Si to pc-Si 1is also
clearly reflected in conductivity vs. temperature measurements.
Conductivity (o) as a function of inverse temperature ( 1/T )
yields important information about the electron transport process
in the material such as the position of Fermi level, the different
conduction path at different temperatures, etc. ( see chapter 2 ).
Fig. 4.9 are the results of o vs. 1/T of P doped films fabricated
at R = 1x10™ and T, from 540 °C to 620 °C. The slope of the curve
at higher temperature yields the position of the Fermi level. It
shifts drastically towards conduction band as the Ts passes the
transition temperature from a-Si to pc-Si. Fig. 4.10 is o vs. /T

of B doped films.

4.2.2 Thermoelectric Power

Thermoelectric power measurements were made by P.H. Chan and
K.P. Chik at The Chinese University of Hong Kong (P.H. Chan,
1988). With their permission, we will quote some of the results

here.

Fig. 4.11 shows Seebeck coefficient as a function of 1/T for

P doped samples fabricated at R = 1x10'3 and Ts of 520, 560 and
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580 °C. As the material structure changes from a-Si to uc-Si, the
behavior of Seebeck coefflicient also changes drastically. Spear et
al. reported the same results for glow discharge a-Si:H ( Willeke,
Spear, Jones and Le Comber, 1982 ). Seebeck coefficient is an
energy-weighted sum of the microscopic conductivity o(E) of the
material, it 1{is therefore sensitive to which energy path
contributes most to the conduction process. Jones et al. ( Jones,
Le Comber and Spear, 1977 ) proposed a two-conduction-path model
to interpret their data. Recently, K.P. Chik and his co-workers (
Chik, Chan, Tam, Tong, Wong and John, 1989, P.H. Chan, 1988 ) have
developed a three-path-conduction model, i.e. conduction via
conduction ( or valence ) band, the band tail and a dopant related
impurity band. The conductivity and thermoelectric power data of

our LPCVD sample can be fitted very well by this model.

4.3 Material Structure and p-n Heterojunction Performance

The p-n heterojunction structure used in this study consists
of a layer of n-type LPCVD Si thin film deposited onto p-type
single crystal Si wafers under various fabrication ccnditions.
This is an interesting recearch subject because amongst their
potential applications, a-Si films have shown great promise as
efficient photo-absorbers in photovoltaic devices. This particular
heterojunction is frequently used in tandem solar cells as base
cells. In this context, Junction profiles and device
characteristics have been more thoroughly Iinvestigated 1in
metal/a-Si:H Schottky barriers ( C.R. Wronski et al., 1976 and Y.
Mishima et al., 1981 ) and to a lesser extent in p-n Junctions

(W.E. Spear et al., 1976) formed from films (a-Si:H) deposited by
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4.3.1 Experimental Procedures

The LPCVD system used to fabricate doped Si films operates at
a constant pressure of 3 Torr with a constant flow rate of 80
standard cubic centimeter per minute of elther 3% or 104 SiH‘ in
Argon. Films are doped by copyrolysis of silane mixed with
phosphine. The dopant gas-to-silane ratio (R} varied between 4 x
10° to 1 x 1072, The substrate temperature (Ts } was varied from
480 to 640°C. Cleaned single crystal (p-type, <100>) Si
substrates (5 - 15 ohm cm) were mounted in a cavity within a

silicon-coated graphite reactor.

As-deposited Si films were first characterized by evaluating
their hydrogen content (nuclear resonance reaction with le).
phosphorus concentration (SIMS), crystallinity (x-ray
diffraction), electrical conductivity, etc. as a function of
deposition parameters namely Ts and R. Hydrogen and Oxygen
concentrations were found to be less than 0.5 and 1 atomic
percent, respectively. Phcsphorus concentration increased with
dopant gas ratlo as expected, whereas for higher substrate

temperature the concentration decreases (see chapter 3).

Using evaporated aluminium contacts or the n-a,puc:Si/p-c:Si
diodes, dark I-V (current - voltage) curves at different
temperatures were measured in a small vacuum chamber capable of
maintaining stable temperatures in the range -150°C to +200°C.
Il1luminated I-V characteristics were measured on cells with an
2

active area of 0.16 cm excludiing the area shaded by Al
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electrodes ) at a light intensity of 100 mW/cm®.

4.3.2 Results
1). Room temperature, forward dark I-V characteristics:

(a) Influence of substrate temperature

The forward I-V curves of dlodes fabricated . -‘onstant
doping ratio R = 1 x 10™° and different temperatures T = 620, 580
and 500°C are plotted in Fig. 4.12. Three linear portions are
seen In the low 'l's regime which are characterized by different
slopes in the voltage bias range studied. The first transition
occurs at about 0.4 volts and the second is around 0.7 volts. The
second transition is the effect of series resistance. In the low
bias range, the two-slope behavior is clearly discernible in films
which are deposited at low temperatures and low dopant ratios. On
the other hand, the curve has only one distinct linear portion in
the low bias range for samples fabricated at high substrate
temperature. These features suggest two different transport
mechanisms acting in series or ir parallel combination. The
magnitude of the dark currents also varies in these samples, as
may be erpected with changes In doping concentration or
crystalline structure in the a-Si layer.

(b) Influence of gas ratio

At T, = 540°C and R ranging from 4 x ir™" to 4 x 10™, the

I-V curves of all diodes (CP 102, CP 120, CP 145 in Table 4.1)
reveal the two-exponential behaviour similar to that of the diode

fabricated at T, = 500°C in Fig. 4.12.

2). Forward dark [-V characteristics and their temperature dependence:
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To extract the transport parameters and to identify the
current loss mechanisms clearly, I-V data were acquired as a
function of temperature. For compactness, we present two typical
sets of curves corresponding to diodes CP 102 and CP 116 in Fig.

4.13 and Fig. 4.14.

In general, for diodes where the films are deposited at low
Ts (typically less than 540°C). the two-exponential nature of the
I-V curve is clearly visible (Regions 1 and 2 in Fig. 4.13) at low
measurement temperatures (Tn ). However, diode #116 (Ts = 620°C)
shows a one-component behaviour at all temperatures studied as
illustrated in Fig.4.14. It is interesting Lo note that for diode
#102, the dual slope nature of the curves reduces to a single
component behaviour as the measurement temperature is raised (Fig.
4.13). The two marked regions alsec reveal a bias dependence
whereby the smaller slope manifest: itself at lower applied
voltages. The experimental data for diode CP 116 obtained at
temperatures of -49°C and - 15°C show some qualitative difference

from its behaviour above room temperature.

4.3.3 Analysis and Discussion
In region 1 of Fig. 4.13, the slope of the curves at various
measurement temperatures is fairly constant. This result is in
favour of a temperature independent transport mec..anism such as,
J1 = Jo1 exp{(BV), (4.1)
where B is a temperature independent constant. When the data is
analyzed using this relation, the pre-exponential factor J°1 shows

a temperature dependence as shown in Fig. 4.15 and ylelds a
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relationship such as,
J01 = J° exp(aT) (4.2)

where « = 0.03 K™! and tn J, = -25.31 Acme.

Exponential variation of J01 with temperature in the low
temperature region and at low blas voltages Is known to be
associated with a tunneling effect ( S.M. Sze, 1981 ). The
behavicur of other diodes in the first region is similar to that
of #102 but with varying r gnitudes of Jo and a, and consequently

we assign a similar type of current transport mechanism.

One encounters some difficulty in trying to extract detailed
information in the second region; it is clearly a temperature
dependent process operating here. Such an analysis has been
attempted ( W.A. Miller and L.C. Olsen, 1984 ) with a fair amount
of success on Cd(Zn)S/CuInSe2 system using a curve-fitting
approach. We conjectured, from the manner in which the
two-exponentia. nature of the curves (in Fig. 4.13) gradually
transforms into a one-slope behaviour, that a single mode of
current transport dominates at higher temperatures. The
transition point at which the slope changes shifts to lower bias
voltages as the measurement temperature (T-) is increased. This is
shown in Fig. 4.13 by a solid line curving to the left. At 97°c,
the curve resembles that of diode CP 116. Now, if this curve is

analyzed using a relationship such as

J2 = Jo2 exp [{V-RI)/nkT] (4.3)

it yields a value of n = 1.91. Here V is the applied voltage and

17



R is the series resistance. Deviations of n from unity are
usually ascribed to the presence of insulating layers and
interface states, and to excess currents that flow due to
recombination, tunneling, etc. ( S.M. Sze, 1981 ). An n value
around 2 is known to be due to electron-hole recombination through
localized states at the interface. We can transform Eq. (4.3)

into an ordinary differential equation of the type,

dy . 1 (4.4)
dV (nkT/log e + R 10¥ 1n 10)

where ¥ = log I, [ is the current.

If one solves Eq. (4.4) numerically, the results are obtained
as in Fig. 4.16. Curves 1, 2 and 3 are plotted (withn =2, T =
300 K and I° = 10° A) for R - 0, 200 and 400 ohms, respectively.
The I-V curve deviates from a straight line (R = 0) as the series
resistance increases. Curve 4 is the simulated I - V curve at

4 A). The

higher temperature T = 330 K (R = 170 ohn, Io = 10
smaller slope observed in the experimental curves in region 2 at
high measurement temperature can be understood as a consequence of

the increase in value of the term IR (Eq. (4.3) ) with

temperature.

I-V curves of diode #116 in Fig. 4.14 were also analyzed on
the assumption that a similar xechanism was operative. The
resulting values of diode factor n are listed in Table 4.2. n has

a nearly constant value of 2 except at -49°C where a discrepancy
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is observed. The anomaly at low temperature could not be verified
due to lack of additional I-V data. An exponential variation of
J02 with 1/T is observed confirming the 1ole of recombination
process. This is plotted in Fig. 4.17 which gives an activation

energy of 0.4 eV,

Experimental evidence for the dual-slope behaviour at low
temperatures and their disappearance at higher temperature was
reported by Yu and Wang ( L.S. Yu and C.D. Wang, 1983 ) in the I-V
characteristics of puGaAs/n-Aleal_xAs (x = 0.25) crystalline
heterojunction LED's. The I-V data were expressed as a sum of
low-voltage, tunneling current thrcugh interface states in the
barrier and the usual injection current over the barrier by
thermalemission at higher voltages. The transition in slope was
observed to be between 1 and 1.5 volts. There has also been a
previous attempt to analyze the current-voltage characteristics of
Cd(Zn)S/CuInSe2 heterojunction solar cells by integracing the
observed behaviour using a tuﬁnellng-interface recombination model
( W.A. Miller and I..C. Olsen, 1984 ), in whici it was assumed that
tunneling and recombination processes act in series. In
hydrogenated amorphous silicon Schottky barrier diodes, the
occurrence of dual mechanism of transport was previously reported
by Madan and co-workers ( A. Madan et al., 1982 ) where u voltage
induced transition frcm one mode of transport to another at fixed
temperature was observed. The values of n obtalned by assuming
the simple diffusion/drift and recombiunation model were found to
increase with phosphorus concentration and a second channel for

the current flow via an impurity band 0.3 eV below the conduction
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Fig. 4.17. Variation of J02 as a function of 1/kT for diode CP
116.
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band was postulated. Hopping currents dominated at high dopant
concentrations. In the study of I-V characteristics of
glow-discharge produced undoped hydrogenated amorphous silicon
heterojunctions on p-crystalline silicon substrates ( H. Matsuura
et al., 1984 ), there was no indication of a dual transport
mechanism, but the forward currents of all Jjunctions showed

AE

a voltage and temperature dependence as exp [— —k—;i exp (AV),

where AE:ar and A are constants Iindependent of voltage and
temperature, These results were explained by a multi-tunneling
capture-emission model. However, data showed that the
pre-exponential factor Jo varied exponentially with -1/T rather

than T as expected for the tunneling process.

Changes in the I-V curves of our diodes are closely
associated with the observed transition in conduction mechanisms
due to the changes in the network structure of the LPCVD a-Si
films. The temperature dependence of conductivity in as-
deposited amorphous films is generaliy described by ( see chapter

2 ):

o =0, exp [—EI/kT] * 0, exp[—Ez/kT]

where the first term denotes extended state conduction and the
second represents localized state, phonon-assisted hopping
conduction. In the typical ¢ vs 1/T plot illustrated in Fig. 4.18
for lightly doped n-type films deposited at different substrate
temperatures, the low and high temperature regimes are clearly

distinguished by two different slopes. The low temperature regime
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in the curve can be treated as the hopping current component
whereas above room temperature, conductivity is an activated
process leading to extended state conduction. Activation energles
of El = 0.63 and 0.41 eV were calculated for fllms deposited at Ts
= 500 and 540°C, respectively. The transition occurs near about
the same temperature as observed in I-V curves of CP 102 in Fig.
4.13 where the two linear portions of the curve merge into one.
This might indicate that hopping conduction is closely associated
with the tunneling process in the heterojunction while extended

state conduction corresponds to the recombination process.

In fiims deposited at TS 2 580°C, the activation energy El is
significantly reduced. Amorphous-microcrystalline transition
occurs at about this temperature. The one-slope tehaviour in the
I-V curves of diode #116 (Ts = 620°C) can be understood as a

consequence of the above transition.

At low deposition and measurement temperatures, it |is
reasonable to expect a tunneling/hopping mode of current transport
to be dominant. The various current transport mechanisms are
sketched in Fig. 4.19. The phosphorus concentration in the films
was determined to be of the order of 10%° atoms/cm’. If one
allows a large discontinuity 1in the conduction band for
n-a:Si/p-c:Si heterostructures ( K. Ueda et al., 1988 ), then
transport occurs mainly by tunneling through an impurity band
across the barrier. As the forward bias increases, it reduces the
field in the space charge region, lowers the barrier and more

electrons can climb the barrier than can tunnel through it. Also
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n-a:Si p-C:Si

Fig. 4.19. Schematic diagram showing current transport mechanisms
in n-a:Si/p-c:Si heterojunction. (1) hopping, (2)
thermal excitation, (3) tunneling and (4)
recombination.
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at higher temperatures, more electrons are excited to the
conduction band. One would, in these cases, expect to see a
transition from tunneling to drift- recombination mode which is

indeed observed in the I-V curves.

It s generally accepted that presence of hydrogen in the
material can terminate the dangling bonds and consequently reduce
the density of states in the bandgap. To understand the role of
hydrogen in modifying the transport properties of LPCVD a-Si
films, we performed post-hydrogenation experiments on 1lightly
doped a-Si films as well as on n-a:Si/p-c:Si diodes. The samples
were hydrogenated using an atom gun with a beam current density of
100 pA/cm2 which is equivalent to a dose of 6 x 10
atoms/(s.cmz) and a variable beam energy of 5-8 keV. Specimens
were heated to 400°C during the procedure. This was expected not

to cause any lInstability, since our films are deposited above

500°C. Exposure times were less than 10 minutes.

An enhancement of conductivity s observed 1in the
hydrogenated amorphous films accompanied by a decrease in
activation energy, to 0.56 and 0.25 eV for films deposited at Ts =
500 and 540°C respectively. This indicates a reduction of
density of states in the gap and consequent shift in the Fermi
level. Results of the post-hydrogenation process on diodes #122
and #116 reveal that the dual slope I-V curve of diode #122
reduces to a one-slope profile after hydrogenation. This is

analogous to the characteristic features in diodes where the films

are deposited at high temperature (Ts ) or when the I-V data are
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acquired at relatively high temperature (T. ). Diode #116 shows
similar features before and after hydrogenation as one would
expect with relatively 1low density of states in a LPCVD
microcrystalline materlal. Results of hydrogenation experiments
on LPCVD Si films have been previously reported ( P.X. Zhang et

al., 1987 ).

The heterojunctions show promising solar cell characteristics
when fabricated at high temperatures ('1's = 580 - 620°C) and doping
ratios (R = 4 x 10 - 1 x 10™%). This is 1llustrated by the

illuminated I-V curves shown in Fig. 4.20 and Fig. 4.21.

When films are deposited at low TS (500°C for #122), the
short circuit current (Isc ) deteriorates (Fig. 4.20). This is
consistent with the view that poor Jjunction performance 1is
strongly related to hopping conduction mechanisms due to electron
localization and defects in the amorphous material. Open circuit
voltage (Vm: ) is more severely affected by changes in dopant
concentration in the silicon films. The overall cell rating (Isc’
Vm: and fill factor) improves when doping ratio increases and
reaches an optimum value at R = 4 x 107> (#154 in Fig. 4.21). The
highest Vbc and Isc achieved under these conditions are 0.55 V
and 5.45 mA, respectively ylelding a photovoltalc conversion
efficiency of 9% ( active area 0.18 cm2 at a light intensity of

100 mW/cm2 ).
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at various substrate temperatures: A CP 122, @ CP 163,
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4.4 Conclusions

In this chapter, we studied various aspects of LPCVD Si films
through a variety of methods all of which indicate, that in our
fabrication conditiox range, both a-Si and uc-Si can be obtained.
A-Si and pc-S! have difverent properties from each oth.~ and
behave differently in devices. Based on those data, we classify
our material and identify the transition boundary in Fig. 4.22 ( P
doped films ) and Fig. 4.23 ( B doped films ). In the case of B
doped samples, we define amorphous material with more than 5% B
atoms as amorphous alloy. With the knowledge gained so far, we
will begin an even more difficult and challenging experiment in
the next chapter: Hall effect of a-Si. We will show that a-Si

could have normal Hall coefficient.
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Chapter S Hall Effect»

The Hall effect of amorphous semiconductors is a fascinating
subject and yet the least studied and understood of transport
properties of the material. Extremely small Hall signal and high
resistivity of the sample are, among other things, the
difficulties one encounters in this experiment. Early Hall
measurements were concentrated on chalcogenide glasses ( See
reviews by Rollos, 1978 and Fritzsche, 1974 ). Measurements on
amorphous Si:H thin films fabricated by glow discharge method have
been made and reported by the Dundee group (LeComber, Jones and
Spear, 1977), the Marburg group (Beyer, Fischer and Overhof, 1979,
Overhof, 1981), and by Dresner (Dresner, 1980). In general,the
magnitude of Hall mobility is very small(between 10'2 to 107
cmZ/V.s.) and increase slightly with temperature. More
interestingly, all the studies mentioned above reported the
"anomalous Hall effect”: in the case of a-Si thin films, the sign
of Hall coefficient of both phosphorus and boron doped films are
opposite to that of thermoelectric power. So far, no systematic
measurements on LPCVD (Low Pressure Chemical Vapour Deposition )

a-Si thin films have been reported. At U.W.0., we have started a

% Parts of this chapter have been published in:
1) J. Non-Cryst. Solids, 114, 369(1989) and
2) Phys. Rev. B, Rapid Communication, 41, 1251(1989).
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research program to study the Hall effect of a-Si thin films

fabricated by LPCVD method and observed, for the fi~st time, a
normal Hall coefficient in some good structured amorphous LPCVD

samples.

5.1 Experimental Considerations

The electron transport in a-Si is mainly through hopping
conduction. The samples are thus expected to have high resistivity
and small Hall voltage signals. From experimental point of view,
when measuring Hall effect in amorphous semiconductors, some
difficulties arise that are not usually encountered in crystalline
semiconductors. Because of those difficulties, the task of
measuring Hall effect of a-Si becomes a very challenging one. It
requires careful consideration and good experimental design in
order to obtain rellable Hall signals. For example, Hall
measv ement by alternating current (A.C.) source is not considered
suitable for a-Si. D.C. Hall effect is therefore the only approach
one can use in studying a-Si. The lnability of using A.C. current
source In Hall effect measurement is distressing because many
standard small signal processing techniques ( such as lock-in
amplifier) do require A.C. signal input ( A.C. Hall measurement
has been attempted by R.S. Klein in the range of impurity hopping
conduction on p-type crystal Ge samples. The Hall signal was not
detected in their detection limit. R.S. Klein, 1985 ). In the
following, we briefly summarize the difficulties and possible
measures one may employ in order to neutralize or reduce the

problenms.




1)

2)

3)

Problem: The value of M, is small. Reported values have ranged
from 5x10™> to 0.5 cm°/V s. For a typical value of T 1x1072
cmé/V s,ithe Hall voltage will be on the order of 10 uV.
Solutions: Increase the sensitivity of the data acquisition
system by reducing the misalignment voltage ( see Fig.5.3. When
a current passes through a Hall sample from E to F, there will
be a voltage drop between the two Hall probes A and C or B and
D. It 1is called misalignment voltage.). This can be
accomplished by reducing the sample size and improving sample
patterning through lithography. Increase signal/noise ratio by
rotating the magnet (change the direction of B) to get a
reading of 2V“ instead of VH , by lincreasing current and by
reducing the noise level through improved shielding and

grounding.

Problem: The noise level of Hall voltage is often high,
particularly when the current contacts to the sample are not
ohmic and the samples are not homogeneous.

Solutions: Improve the electrode contacts by using sultable
metal contact and substrate temperature during evaporation.
Annealing can also be used for this purpose. Improve the
shielding and grounding of the measurement system.

Problem: The resistance of amorphous sample could be hjgh
because the samples wusually are thin ( few thousand
angstroms).The capacitance of the measuring circuits must be
taken into consideration.

Solutions: Use smaller sample to reduce the resistance. Due to



4)

5)

B)

the time constant of the circuit, when measuring Hall voltage,
it is important to wait until the signal becomes stabilized.
Problem: The thermoelectric power for a-Si is in the range of
100 - 1000 uV/K for doped material. Therefore small temperature
gradients can cause signals much larger than the Hall voltage.
Solutions: Use smaller samples. Use good heat conductor such
as copper for sample holders. Improve the sample heating and
cooling systems.

Problem: The large density of deep states in amorphous
material can act as electron and hole traps. It may take as
long as 8 hours to relax and stablilize sufficlently the
potential at the Hall electrodes after changing the temperature
or reversing the current direction (Dresner, 1984 ).

Solutions: Use good D.C. current source. When measuring Hall
voltage, it 1Is important to wait until the signal becomes
stabilized.

Problem: Inhomogenelties in the structure or in the electrical
properties can cause a magnetoresistance effect, resulting in
signals that do not reverse with the direction of the magnetic
field. This signal can be much larger than the Hall voltage.
Solutions: Improve the deposition process. Use as small a

sample as possible.

5.2 Experimental Setups

The a-Si thin films for Hall effect study were deposited onto

Corning 7059 glass substrate by an LPCVD system which has been

described in chapter 3. The following conditions were used for
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film fabrication: substrate temperature Ts from 460 °C to 620 °C
and phosphine/silane ( or diborane/silane ) ratio from 1x1o'5 to
1x1o'2. In this fabrication condition range, both amorphous and
microcrystailine materials can be obtained. In chapter 4, we
fdentified the transition temperature from a-Si to pc-Si for both

P or B doped Si films.

For Hall effect measurement, systematic approaches taking
account of all the considerations mentioned in § 5.1 must be
adopted in order to obtain reliable results. From experimental
point of view. those approaches can be divided Into three
categories: measurement system design, Hall sample preparation and
measurement procedures. In the following, we discuss those three

aspects separately.

5.2.1 Measurement System Design

The Hall measurement system consists of a rotatable magnet
(Varian V-3400) capable of producirg a magnetic field of O to 1.5
T, a stainless steel sample chamber with vacuum pump and a data
acquisition and processing system. The complete system |{is
illustrated in Fig. 5.1. The sample holder (see Fig. 5.2) is made
of solid copper with tunnels inside the block for the circulation
of liquid nitrogen. A heater is also incorporated into the holder
so the temperature of the Hall sample can be varied. The entlre
system has to be shielded and grounded very carefully in order to

reduce the interference of outside electrical noises.
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5.2.2 Hall Sample Preparation

The Hall samples are designed to be as small as can be easily
handled in order to compensate the possible inhomogenelty of the
films and reduce the misalignment voltage (Fig. 5.3). Misalignment
voltage is the "base" voltage level between Hall probe A and C or
B and D when a current is passing through the Hall sample from E
to F. Ideally, it should be 2zero. Since Hall voltage |is

proportional to the current through the sample, it is natural to

increase the applied voltage vsr in order to enhance the Hall

signal. In our system for example, we use a 147 V battery as our
Hall current source. With this magnitude of applied voltage,
misalignment voltage can be easily in the range of 1 V. If this
happens, it will severely affect the ability to detect the Hall
signal because one has to use 1 V range of the electrometer to
detect a signal on the order of 10 uV. Thus the first major
concern in designing Hall sample is to reduce the misalignment
voltage. Misalignment voltage basically comes from two sources:
the mismatch of the Hall probes and inhomogeneity of the samples;
both can be circumvented considerably by using as small Hall
sample as possible. While reducing the sample slze will certainly
improve the situation, too small a sample will introduce
operational problems. For example, small samples are more
difficult to connect to external measurement circuits because 6
electrodes have to be connected to the sample by soldering. The
sultable sample size should be a compromise of these
considerations. In our experiment, the dimension of the sample is

0.9525mm x 3.175mm. The sample pattern was realized by lithography
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to ensure better alignment of the probes. The sample pattern is
shown in Fig. 5.3. The shaded areas are the metal electrodes.
Photo plate 1 is the Hall sample. Fig. 5.4 (a) is the mask for the
a-Si Hall sample The mask for metal electrodes is in Fig. 5.4

(b).

For the electrodes, evaporated Cr was used as the first layer
to make contact with the silicon thin film and Au as second layer
on top of Cr.. During the metal evaporation, the sample was kept
at a temperature of 250 °C. The purpose of the Au layer is that
indium solder can form alloy with Au layer easily and thus create
an electrically good and mechanically strong contact with the
external measurement circuits. Annealing process may also be used
to reduce the contact noise. In our experiment, Cr and a-Si ( p-
or n-type ) form a good Ohmic contact because: i) most Hall
samples are highly doped, and ii) the voltage for the Hall
measurements is very high, usually around 150 V. The sample was
connect :d to the measurement circuits by indium solder. The sample

chamber is made of stainless steel and operated under vacuunm.

5.2.3 Measurement Procedures
For the sample pattern shown in Fig. 5.3, Hall mobility

acquires a very simple expression:

¥ J. Dresner ( J. Dresner, 1980) used Cr for the electrodes and

Le Comber et al. ( P. G. Le Comber, D. I. Jones and W. E. Spear,
1976 ) used Gold film for their n-type a-Si and Al for the
p-type.
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Plate 1. Photo of an actual Hall sample.
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Fig. 5.4(a) The mask for the Preparation of Hal} samples.




wo= A (5.1)

where Vh is the Hall signal (can be measured from probes AC or BD)
and VAB (or th ) is the voltage drop across probes AB (or CD).
B is the magnetic field. The Hy in (5.1) has a unit of (mzl v
sec) when B is in Tesla. We derive eq. (5.1) in the following:
From experiment, Hall field is proportional to current density J

and magnetic field B:

EH = RH JB (5.2)

V.=R JBW (5.3)

RH is the Hall coefficient and W is the sample width (see

Fig. 5.3). The resistance of the sample has the form:

VAB w
P
I TL

R = (5.4)
T is the sample thickness and L the sample length. p is
resistivity.
vV TL
p= 22 (5.5)
I W

The Hall mobility H is defined as:

B, = Ru (5.86)

Combine Eq. (5.3), (5.5), (5.6) and noting that Jj = I/(W T), one
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can obtain:

u = (5.7)

For our Hall sample shown in Fig. 5.3, L = W = 0.9525 mm, Eq.

(5.7) then beconmes:

vu 1

u" S eeemes  c— (5. 8).
VAB B

In the actual experiment, we use:

v
L

u o= — (5.9)
V" B

to calculate the Hall mobility where

V" + V)

V.L = (s. 10’

2

(V. _+V )

v, = —2 2 (5.11)

| 2

Hall effect measurement of a-Si is a constant struggle with
the extremely small Hall signal and the interference of external
electrical noises. One effective way to 1increase measurement
signal is to rotate the magnet ( change direction of B ) in order
to obtain a reading of 2 V" . Fig. 5.5 is a typical Hall effect
measurement result for a-Si. The spikes in Fig. 5.5 immediately

after the rotation of B is due to induced e.m.f.. The decaying
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time T is sample dependent; in most cases, it is in the range of

severa. seconds to less than 1 min.

We begin the measurement by making sure that the signals we
observe are indeed Hall signals. One can verify this by: 1)
changing the direction of the current; 2) changing the direction
of B; 3) changing the magnitude of B. If the response of Vh after
those changes satisfies Eq. (5.3), the signal observed is then
confirmed as Hall signal. This step is important and necessary
because, in some Instances, the polarity of observed voltage
signal does not change as the direction of current or magnetic
field is switched ( K. Murase et al., 1983). The reasons for this
can be complicated, some of which have been mentioned in § 5.1.
The imperfection of external circuits could also be a contributor
to this phenomenon. To eliminate these complexities, one must

check the polarity and magnitude of VH according to Eq. (5.3).

Fig. 5.6 and 5.7 are VH vs. B for upc-Si (CP-128) and a-Si
(CP-121), respectively. The measurement for uc-Si is relatively
easy as compared to a~-Si sample because of large signal/noise
ratio. For a-S5i sample CP-121, two current values ( V“ = 12.5 V
and V" = 37.4 V ) are used and both results are shown in Fig. 5.7.
It is clear that VH of both uc-Si and a-Si are proportional to B
and j. The polarity of VH also changes when the direction of B is

switched.
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Fig. 5.6. Hall voltage vs. magnetic field for pc-Si samples.
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5.3 Results and Discussion
In the following, we present the experimental results and

discussion of a-Si in § 5.3.1 and pc-Si in § 5.3.2 and § 5.3.3.

5.3.1 The Observation of Normal Hall Coeff: .ient

Hall effect measurements indicate that all microcrystalline
samples show normal Hall sign while for amorphous samples both
normal and anomalous Hall coefficient are observed. The normal
Hall coefficient shown by the amorphous samples greatly interested
us. In Fig. 5.8, we present two typ | Hall effect measurement
results for phosphorus doped amorphous Si samples CP145 and
CP119. The result for a boron doped sample is in Fig. 5.9. Table
5.1 1lists the deposition parameters of CP145 and CP119 (a
microcrystalline sample CP118 is also listed in Table 5.1). We
define +uﬂ as Hall mobility from normal Hall coefficient (sign the
same as its microcrystalline counterpart) and M, as Hall mobility
from anomalous Hall coefficient(sign opposite to its
microcrystalline counterpart). In Fig. 6.8, the magnitude of
normal Hall mobility (CP119) is about 3 times higher than that of
anomalous Hall mobility (CP145). In general, the magnitude of
observed I-uH | from anomalous sample is substantially less than

that of normal Hall samples.

It has been reported ( Willeke, Spear, Jones and LeComber,
1982) and also found in our observation that all microcrystalline
films have normal Hall coefficient. An important question arises:

is CP119 really an amorphous material? To answer this question,
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Table 5.1. Deposition parameters of CP14S, CP119 and CPl18

———+— t—3 T e R T e 2
CP145 CP119 CP118
Cas ratlo R: ax1073 1102 11072
Substrate Temperature T : 540 °C 560 °C 580 °C
P concentration in film S 4.8 at. % 1.31 at. % 1.7 at. %

Room temperature conductivity eo: 2x10 2(@-em)™'  0.3(R-em)™'  102(Q-cm)”!

Hall Mobility u, : 0.04cm/V s 0.15cm°/Vs  3.6cm/V s
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extensive structure analysis was carried out. All the available
structure analysis techniques confirmed that CP119 was amorphous
in structure. Fig. 5.10 shows the Raman scattering results for
both CP145 and CP118, taken from the same samples used for Hall
measurement. For comparison, the spectra of n-type single crystal
Si and LPCVD microcrystalline film are also included in Fig. 5.10.
The broad peaks of CF118 and CP145 around 475 (cm)'l are typical
amorphous Raman optical mode peaks. X-ray diffraction on CP119
showed no crystallinity (Fig. 6.11). Transmission electron
microscopy on CP119 revealed a typical amorphous diffraction

pattern which is shown in photo plate 2.

Studies on transport propertiss also indicate that CP119
belongs to amorphous, not microcrystalline family. For example,
the conductivity of uc~Si under the same dopant gas ratio should
be at least 2 to 3 orders of magnitude higher than that of CP119.
The temperature dependence of the Seebeck coefficient of CP119 was
typical of amorphous Si, and Aifferent from that of uc material (
Fig. 5.12). Conductivity vs. temperature for CP119 ( normal
amorphous sample) and CP145 (abnormal amorphous sample) are shown

in Fig. 5.13.

We assocliate the normal Hall coefficient and high Hall
mobility value of CP119 with a random silicon network structure
possessing good short-range order. In Table 5.1, one notices that
the solid phase phosphorus concentration in CP119 ls substantially

less than that of CP145, but the dark conductivity of CP119 at
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Fig. 5.11. X-ray diffraction of CP-119.
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Plate 2. Transmission electron microscopy (TEM) of CP-119.
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Fig. 5.13. o vs. 1/T of normal sample CP-119 and abnormal sample
CP-145.




room temperature is one order of magnitude higher than that of
CP145. The conductivity (0.3 (f-cm)™!) of the LPCVD samples, e.g.,
sample CP119 (normal Hall material), has the highest Yalue
reporte& so far among amorphocus Si materlials containing the same
amount of dopant fabricated by various methods. However, it |is
still 2 to 3 orders below that of puc-Si. High doping efficlency is

an indication of good network structure.

Double reversal of the Hall constant is an ubiquitous feature
of glow-discharge amorphous silicon (z-Si:H). Sign anomaly is
accounted for by theoretical models ( Friedman, 1978, Emin, 1977,
Movaghar, 1985) only in the limit of extreme strong localization
in which the Ioffe criterion, i.e., localization length less than
atomic spacing, is invoked. Even in this limit, the normal sign is
not excluded. The sign is dependent on the ring statistics of the
silicon network ( see chapter 2). If the continuous random network
is taken as a model for the ideal amorphous silicon structure,
six-member rings prevail®# , and thus the sign should be normal
according to this theory. It is surprising that the normal Hall
effect has not ©been found in glow-discharge a-Si. The
glow-discharge material is deposited in the presence of hydrogen,

and the film contains more than 5§ at.”% of H. Hydrogen relieves

# In the continuous random network models, the statistics of the
five-member rings range from 07 in the Connell-Temkin model, to
20% in the Polk model. See discussions in B.Y. Tong and F.C. Choo,
Solid State Commun. 20(1976)957; also see R. Grigorovicl, in
“Amorphous and Liquid Semiconductors, Edited by J. Tauc (Plenum,
London, 1974), pp.45-99.
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stiffness in the structure ( Knights, 1980), and may have changed
the ring statistics significantly. The ring statistics of a
network model containing H has not been studied. By contrast, the
LPCVD films contain much less H, the maximum amount observed being

less than one-tenth of that In the glow-discharge material.

There are two classes of disorder that can cause localization
in a-5i: topological structural disorder and random scattering
centers such as defects and foreign atoms. If the continuous
random network is taken as the ideal model of a-Si without H, the
former alone is not likely to bring about the strcng localization.
Short-range local order in this model is well preserved. . Recent
Raman studies on a-Si showed that the short-range order of
amorphous material can be improved substantially by optimizing the
fabrication conditions (Lannin, Maley and Kshirsagar, 1985). In
our quest for amorphous specimen having the normal sign in the
Hall coefficient, we aimed at minimizing the latter, including H.
We carefully mapped out a wide range of the fabrication parameters
of the LPCVD system. As demonstrated in the previous chapters,
those parameters are related or can be translated into physical
quantities such as crystallinity, concentration of dangling bond,
dopant and hydrogen. These parameters are not mutually
independent. For example, an increase in dopant concentration ( <

18

10 cm'a) simultaneously reduces the amount of dangling bonds.

Amorphous silicon with the normal sign is found only in a small

. In the polk model, the bond length is hardly changed at all,
and the bond-angle deviation is about 97%; see Polk, D.E. and
Boudreau, D.S., Phys. Rev. Lett. 31(1973)92.
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region in the multidimensional parameter maps shown in Fig. 5.14
and Fig. 5.15. So far, four samples (n-type) in this region showed
normal Hall coefficient. They all have the same fabrication
conditions, i.e., R = 1x10™> and T, = 560 °C. One boron doped

sample showed normal sign ( R = 1x107°, T, = 500 °c ).

One may raise the question of whether these samples are
composed of microcrystals too small to be detected by x-ray
diffraction, Raman spectroscopy, and TEM. We believe this is not
so. In the parameter map, the region of producing the normal sign
material lies almost totally within the amorphous realm. Only on
the high substrate temperature side does it touch the puc-Si
region. If we move from the normal region in the direction of
either too much or too little dopant concentration, we end up in
the abnormal amorphous region. Furthermore, physical properties of
the normal sign material have characteristics distinctively
different frem those of pc material ( for example, the Seebeck
coefficient ). If the material is a composite of crystals of such
small size as to escape detection, the amount of grain -boundary

states must be overwhelmingly large.

J.3.2 Hall Effect of Microcrystallire Samples

Hall effect measurement of a-Si cannot provide important
information such as carrier type and concentration of the material
because: i) sign anomaly of RH , and {i) the relation between
conduction mobility My and Hall mobility M is complex and

unknown (see chapter 2). For uc-Si, however, conventional
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semiconductor transport thecory are expected to be applicable (
Willeke, Spear, Jones and LeComber, 1982), e.g.,

B =T K (5.12)
where My is the conduction mobility and r is a factor depending on
the scattering mechanisms; in the case of a crystalline
semiconductor, it varies between 1.2 and 2, and approaches unity
in the 1limit of degeneracy. In the absence of any detaliled
knowledge of the scattering mechanisms in the uc-Si specimens and
particularly when one's interest is to estimate the carrier
concentration where the order of magnitude is important, it
appeared reasonable to set r = 1. The carrier concentration n in

extended state can then be calculated by:

1
R == (5. 13)
n e

Following Eq. (5.13), the n of some phosphorus doped LPCVD pc-Si
fabricated at T = 600 °C and gas ratio between 4x10™° and 1x107
are shown in Fig. 5.16. The n increases with gas ratio up to
4x1073. After 4x10'3, n begins to decrease, possibly due to higher
defect density caused by increasing phosphorus atoms in the Si

network,

In chapter 3, we have discussed the correlation between gas

phase ratio R and solid phase dopant ratio S of samples fabricated

under different conditions. The relation is complicated, depending
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Fig. 5.16. Carrier concentration n vs. gas ratio R for P doped

uc-Si at T_ = 600 .
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upon many parameters such as gas composition, substrate
temperature, flow rate, etc. In general, the S values are much
higher than R values. If we go one step further, an even more
interesting and fundamentally important question arises: for a
sample with determined solld phase dopant concentration, what
percentage of the dopant atoms in the material network are doping
active, i.e., what is the doping efficiency of our LPCVD material?
For a-$Si, this is a rather difficult question because Hall effect
cannot provide reliable n of a-Si. It is possible, however, to
give a fairly accurate estimate for uc-Si based on Eq. 5.13. In
Table 5.2, we list the solid phase concentration S ( at./cma) of P
doped samples fabricated at T_ = 600 °C and the corresponding
carrier concentration n and doping efficiency n/S for each sample.
S, n and n/S as function of R are also shown in Fig. 5.17. One can
see that the doping efficiency of these samples decreases when the
doping level is toc low (low R} or too high (high R). In the
middle range of R, the doping efficiency reaches its high value:

for the sample discussed here, it is on the order of 10% .

An electrical compensation model can be used to explain the
low doping efficiency at low doping levels. This model is
presented schematically in Fig. 5.18. In the middle of the band
gap, there exists a band of states corresponding to the ncutral
dangling bond D°. These dangling bonds are paramagnetic and have a
& value around 2.0055 as obtained from evaporated Si thin films.
If an electron is captured by a D° state, it will convert to a

charged, non-paramagnetic D state and cannot be detected by
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electron spin resonance (ESR) measurement. Evidence of the D
states has been provided by light-induced ESR experiment (
Friederich and Kaplan, 1980 ). Near the mobility edge there also
exists tall states induced by disorder. Conduction-band tail
states can also capture a electron and become charged and

paramagnetic.

Table 5.2. Solid phase concentration S and carrier
concentration n of pc-Si at T_ = 600 °c.

R S(at./cm’) n(cm™) /S (%)
4x107° 6.9x10'? 1.2x10%® 1.7%
1x107 8.3x10"° 1.3x10'® 15. 6%
4x10”* 3.9x10%° 2.9x10%? 7.4%
1%10™° 5.3x10%° 3.3x10"? 6.2%
4x1072 1.2x10% 7.8x10"° 6. 3%
1x1072 1.8x10% 2.7x10*® 1.5%

According to the model in Fig. 5.18, when dopant atoms P are
introduced into the material network, before electrons can become
available in the conduction band, the dangling bonds D° in the
middle of the band gap have to be filled first. The process is:

P+’ —s D +p (5.14).

It 1s known that due to the lack of H atom in the material

network, the dangling-bond density of undoped LPCVD Si is usually
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Fig. 5.18. A band diagram for the electrical compensation model.




high. For example, the undoped LPCVD pc-S1 sample fabricated at
600 °C has a dangling-bond denslty of 7x10%? cm® ( from electron
spin resonance (ESR) measurement with g = 2.0055. The ESR
measurement was carried out in the Dept. of Chemistry of U.W.O..
The apparatus is an X-band spectrometer with a microwave frequency
of 8.407 GHz. The magnetic field was set at 3370 Causs and the
scan range was 100 Gauss. The measurement was at room
temperature.). For uc-Si, those dangling bonds are most likely
located at the grain boundaries. When dopant atoms such as P are
introduced into the material, large number of P atoms become
doping 1inactive because electrons are trapped by the
dangling-bonds situated in the middle of the band gap. This is the
reason of low doping efficiency at very low doping levels.
Following this model, one expects to see a rapid increase in
carrier concentration n in conduction band after all the dangling
bonds are filled by electrons. This is indeed observed and shown
in Fig. 5.19. In Fig. 5.19, n increases drastically after solid
phase concentration S exceeds 7x10'%(at./cn®). This threshold
value of S coincides very well with the dangling-bond density of
undoped uc-Si (7x10'® cm™®). Further support of this model can be

obtained from ESR measurements which is shown in Fig. 5.20. All the

samples in Fig. 5.20 are uc-Si fabricated at Ts = 600°C. Starting

from undoped sample, the ESR density ’/'xlo19 cm'3 ( open circle in
Fig. 5.20 ) gradually decreases as the dopant gas ratio R 1is
increased ( solid circle in Fig. §.20 ). The g factor of the
resonance signal is around 2.0055, usually attributed to dangling

bonds ( Magarino, Kaplan and Friederich, 1982 ). At R = 1x107*,




020
1 )

7x10"7 _—at 4

19| | A

18

n (cm-3)

o
R

107 L . .
107 Tom 107 10
S (at./cm®)

Fig. 5.18. Carrier concentration n vs.solid phase P concentration
S of uc-Si samples fabricated at Ts= 600 °C.
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the ESR density drops by almost 2 orders of magnitude - clearly an
indication that at this doping level, most of the dangling bonds
in the material are saturated by electrons. R = 1x107* corresponds
to a solid phase concentration $=8.3x10'® ( see Table 5.2 ). This
number again agrees well with the ESR density of undoped sample.
The highest doping efficlency is obtained at a doping level around

this value ( Fig. 5.17 ).

It is no surprise that, whén the solid phase concentrztion is
Just above the dangling-bond density, one achieves the highest
doping efficiency. The doping efficiency remains stable until R
exceeds ax10™° ( Fig. 5.17 ) wvhere it begins to decline agaln.
From Fig. 5.17, carrler concentration n decrease at high R,
possibly due to additional density of states caused by too many
dopant atoms in the material network. Magarino et al. observed in
their P doped CVD a-Si that at gas ratio of 4x10™%, the ESk
density of g = 2.0058 reached its minimum by dropping over one
order of magnitude from its undoped value. This is due to electron
compensation of dangling bonds in the middle of the band gap.
Above 4x10%, another ESR signal with g = 2.0043 begin to
increase, reaching its maximum at 1x10°3, and then decreases again
( Magarino, Kaplan and Friederich, 1982 ). They explain that the
resonance signal with g = 2.0043 comes from the states near
conduction-band edge ( also see Street and Biegelsen, 1980 ).
After the dangling bonds in the middle of the bad-gap have been
filled, electrons can be captured by the band-tall states. If

these states are sufficiently localized so that double occupancy
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will not occur, one then will see an increase in ESR with g =
2.0043. Further decrease in ESR (g = 2.0043 ) can be interpreted
by the onset of double occupancy of those band-tail states. This
process probably 1is responsible for the loss of carrier
concentration in our sample at high doping levels (Fig. 5.17)
because heavy doping Increases the disorder of the material
network and enhances the band-tail states. Furthermore, when solid
phase concentration is high, the clustering or segregation of P
atoms may occur, particularly in the grain boundary regions - a
factor which could also contribute to the low doping efficlency at
high doping levels. However, we do not have direct evidence to

support thLis explanation.

Due to the high doping efficiency, the material fabricated in
the middle of the doping level R should have better structure as
compared to the ones fabricated at low or high doping levels. In §
5.3.1, we indicated that normal Hall samples are only observed in
a narrow region in the fabrication condition maps (see Fig. 5.14
and 5.15 ). This region is located in the middle of the dopinyg
level and close to the uc-Si boundary. We believe that a-Si films
fabricated in this small region have better structure as compared
to the a-Si in other areas; and normal Hall coefficient is the

result of good netwerk structure.

5.3.3. Post-hydrogenation of uc-Si
Another experiment related to the one in § 5.3.2 is the

post-hydrogenation of puc-Si samples. It s well known that
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hydrogen plays an important role in the electrical propertles of
hydrogenated amorphous silicon (a-Si:H) fabricated by glow
discharge(GD) (LeComber, Jones and Spear, 1977) or plasma assisted
(photo-induced) CVD (Konagai, 1986, Knights and Lucovsky, 1980).
In these Si-H alloy materials, hydrogen is introduced into the
material petwork during film fabrication and relatively high
hydrogen concentration (5-20 at. %) 1is observed in the film.
Attempts - ve also been made to improve the transport properties
of amorphous, microcrystalline and polycrystalline Si material by
post-hydrogenation techniques ( Zhang et al., 1887, Puppin, 1987,
Magarino et al., 1982, Seager et al., 1981). In general,
post-hydrogenation will increase the dark-conductivity of lightly
doped pc-Si, sometimes by orders of magnitude. The conductivity of
a sample is the product of mobility and carrier concentration: o =
enp . Hall effect measurement of uc-Si, when combined with the
post-hydrogenation experiment, will be able to answer the question
of which factor, n or My contributes most to the change of

conductivity.

Hydrogenation was carried out in our lab. by an atom gun (
FAB1INWF, Ion Tech. Ltd. ) with a power supply ( BS0, Ion Tech. )
mounted in a stainless steel vacuum chamber which could be pumped
down to a pressure of 10°° Torr. H2 gas entered the gan through
a 1eadie valve. During the operation, H is ionized inside the gun
and accelerated by a saddle electric field. Most of the energetic
H ions are neutralized before they leave the gun, generating an

atomic hydrogen beam of Imm diameter and a divergent angle of 2°,
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The beam contains 90% neutral species. The samples were placed on
a flat stainless steel holder 25 ¢m in front of the gun. The beam
energy was around 5 keV and the current 100 pA which is equivalent
to a dose of 6x10'*/cm® s. The hydrogenation time was between 8 to
10 min. and the substrate temperature was kept at around 400 °c
during hydrogenation. Since the temperature is well below the film
fabrication temperature, it 1is therefore unlikely to change the
structure of the films. In order to confirm the hydrogenation
effect, a similar sample, covered by a mask, was used as a
comparison. No change was observed in the unexposed sample. More
detajled information regarding post-hydrogenation and hydrogen
profiling can be found in Dr. X.W. Wu's work ( Ph. D. thesis,

U.VW.0., 1989 ).

Fig. 5.21 and 5.22 are the conductivity and Hall mobility
value of some microcrystalline phosphorus doped samples ( same as
those in § 5.3.2 ) before and after hydrogenation. The samples
were fabricated at 600 °C and their doping levels are between
4x10™° and 1x107° (gas ratio). The grain sizes of these samples
are all around 300 A as obtained by X-ray diffraction. It is shown
in Fig. 5.21 that for the low doping level samples, hydrogenation
does have obvious effect on the conductivity while at high doping
levels, the effect is not observable at room temperature. For
these microcrystalline samples, the Hall sign are normal and the

results are shown in Fig. 65.22. The Hall mobility before

hydrogenation increases quite rapidly at gas ratios around lxlo".

After hydrogenation, however, they remain at a relatively constant
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value until very high doping concentrations. It is interesting to
see that post-hydrogenation can increase the Hall moblility by over
one order of magnitude. For example, the sample doped at gas ratio
4x10™° changed its Hall mobility from 0.38 cm°/V.s to 7.9 cm*/V.s
upon hydrogenation while its conductivity changed from 8.5)(10'2
(f~em)™? to 2.5 (Q-cm)”'. The major contribution to the
conductivity in this case was from the change of mobility. If we
assume the scattering factor to be unity, then the carrier
concentration can be calculated and is shown in Fig. 5.23.

Hydrogenation does not <change the carrier concentration

substantially.
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Chapter 6 Conclusions

1). Si thin films with good electrical properties have been
produced successfully by LPCVD method. By adjusting the
fabrication parameters, one can obtain films with different
compositions and different structures and hence, different
electrical and optical properties. In the fabrication condition
range adoptea in our lab., both amorphous (a-Si) and

microcrystalline (uc-Si) silicon films are obtained,

2). The conductivity of our thin films can be ( by
introducing Bzus or PHa into the film fabrication process )
varied over ten orders of magnitude. Room temperature dark
conductivity are higher than those produced by GD method (with

the same gas ratio ),

3). The transport property of a-Si and u-Si are different.
The heterojunction devices (n type LPCVD thin film on top of p type

c-Si wafer) made by a-Si and u-Si also exhibit different behavior,

4). The combination of transport properties with the results
from X-ray diffraction, Raman scattering, transmission electron
microscopy show distinctive boundary between a-Si and u-Si in the

fabrication condition map,
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5). In a small area of the fabrication condition map, some

samples in the amorphous region show normal Hall coefficient.

6). Experiments show that only a small portion of boron or
phosphorus in the films is doping-active. For uc-Si, a single

electrical compers;ation model works well.
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