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Preface 

Hydrogenated amiorphous silicon (a-Si:H) is a semiconductor that can 
be used for thin film solar cells. In this work the properties of a-Si:H 
that are relevant to the performance of a-Si:H solar cells are studied. 

This thesis is a result of the research project ^Hoge efficiency zon
necellen^ that was was initiated by the International Solar Energy So
ciety (ISES) and financed by the ministry of Economic affairs of the 
Dutch government. 

The scope of this thesis is the optical properties and transport prop
erties of a-Si:H. These properties are closely related to the performance 
of a-Si:H solar cells, since the absorption of light and the transport of 
the generated electrons and holes determine the efficiency of the solar 
cell. The optical properties are studied in chapter 3, after the intro
ductory chapters 1 and 2, and the transport properties are studied in 
chapters 4 and 5. The study presented in this thesis is directed at in
creasing the understanding of the material in relation to the practical 
application of a-Si;H in solar cells. 

In chapter 3 the optical properties, in particular the refractive in
dex and the optical bandgap, are studied in relation to the hydrogen 
concentration in the a-Si:H layer. The influence of the hydrogen con
centration is described by making use of a model for the incorporation 
of hydrogen in the a-Si:H layer, the concept of bond polarizabilities, 
and the concept of atomic oscillators. 

In chapter 4 the diffusion length of a-Si:H is studied. The diffusion 
length is the average distance that a generated hole travels before it 
recombines with an electron, and is therefore a measure for the quality 
of the a-Si:H layer. 

In chapter 5 the Space Charge Limited Current (SCLC) method 
is investigated. This method measures the density of states in the 
bandgap of a-Si:H. These states in the bandgap decrease the electric 
field in the solar cell and increase the recombination of electrons and 
holes. Therefore, the density of states must be low in high efficiency 
solar cells. 

Delft, 1989 J.C. van den Heuvel 
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Chapter 1 

General Introduction 

1.1 History 

Hydrogenated amorphous silicon (a-Si:H) is a member of the large class 
of thin film materials that are commonly called amorphous semicon
ducting films. A thin film is usually called amorphous if its diffraction 
pat tern consists of a few broad rings and if its corresponding radial dis
tribution function differs significantly from that of a (micro) crystalline 
film of the same material [ij. The radial distribution function is the 
average number of atoms per unit volume at a distance r, measured 
from any atom. The radial distribution functions for amorphous silicon 
(without hydrogen) and for crystalline silicon are shown in figure 1.1. 

These amorphous semiconducting films are used for a broad range 
of applications such as, xerography, protective coatings, and optical 
coatings [3]. There have also been many studies on their fundamen
tal properties. From these studies the concepts of mobility gap and 
localized tail states have emerged. It was found that in spite of the 
lack of long-range order there existed a gap in the distribution of elec
tron states where the number of states is low. Inside this gap, known 
as the mobility gap, the states are localized while outside the gap the 
states are delocalized and are called extended states [4]. The localized 
states in the mobility gap are called tail states, because these states are 
concentrated at the edge of the valence band and at the edge of the 
conduction band. 

Before hydrogenated amorphous silicon (a-Si:H) could be used for 
the application of solar cells two important breakthroughs had to be 
made, the reduction of the density of states in the gap and the ability 
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Figure 1.1: Radial distribution function of amorphous (dashed line) and crystalline 

silicon (solid line) as determined from the analysis of electron diffraction data. 

(From Moss and Graczyk [2]). \ 

1.2. STRUCTURE 

to dope the material. The first breakthrough was achieved by Chittick 
who used the radio-frequency glow discharge technique to deposit films 
of a-Si:H from silane gas (SiH4) [5]. The doping of this material was 
investigated by Spear and LeComber who added phosphine (PH3) and 
diborane (B2H6) to silane to obtain n- and p-doping, respectively [6]. 
They were able to increase the conductivity by a factor 10^. That amor
phous semiconductors could be doped at all was a major breakthrough 
since it was believed that every impurity atom would be incorporated 
in the amorphous network according to its natural valence [7,8]. 

In 1976 D.E. Carlson and C.R. Wronski succeeded in fabricating the 
first solar cell based on a-Si:H, the efHciency at tha t time was 2.4 % 
[9]. From that time the efficiency of a-Si:H solar cells has increased 
to 13.6 % [10]. This increase has been obtained by optimizing the cell 
structure, by the use of important new materials such as silicon-carbide 
alloys for the window-side material, and by new designs such as a two 
stacked a-Si:H solar cells [11]. 

1.2 Structure 

f 
7 

At first sight it seems contradictory to speak of the structure of an 
amorphous material (amorphous comes from the Greek word amor-
phos meaning without shape). It is true that amorphous material lacks 
the rigid structure of the crystal lattice, however the atoms are not 
completely randomly distributed as in a gas. For amorphous silicon 
(without hydrogen) the radial distribution function has been obtained 
from diffraction measurements (X-ray, electron, and neutron diffrac
tion) [12,2,13]. It was found (see figure 1.1) that there are two well 
defined shells one of four nearest neighbours and one of twelve next-
nearest neighbours, at longer distances there are no longer clearly sep
arable coordination shells. This shows that in amorphous silicon there 
is short-range order but no long-range order. There used to be a con
troversy as to whether the radial distribution function could be caused 
by microcrystals. At the moment the random-network model is more 
popular than the microcrystalline model. A random-network of silicon 
atoms can be constructed by connecting every silicon a tom with four 
neighbours, but allowing a variation in bond angle to cause a loss of 
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Figure 1.2: The unit cell of crystalline silicon (a) and an amorphen (b). In the 

amorphon the silicon bonds are "eclipsed" while in crystalline silicon the bonds 

are "staggered". 

local order and ultimately to cause the absence of long-range order [14]. 

The random-network of silicon atoms must agree with the radial 
distribution function shown in figure 1.1. It can be seen in figure 1.1 
that the third-neighbour peak present in crystalline silicon is absent 
in amorphous silicon. In figure 1.2 the unit cell of crystalline silicon 
and an "amorphon" (see [4], page 325) are shown. In the unit cell of 
crystalline silicon the bonds are "staggered", while in the amorphon the 
bonds are "eclipsed". These two units have different third-neighbour 
distances. The amorphon units cannot fill space completely, therefore 
in amorphous silicon only a fraction of the random-network may consist 
of amorphons. 

In the case of hydrogenated amorphous silicon (a-Si:H) the problem 
of structure is even more difficult. Because of the hydrogen content 

t 

f 

i 

r 

i 
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there are three radial distribution functions, namely the Si-Si, Si-H, and 
H-H pairs. There have been attempts to obtain these radial distribution 
functions from neutron diffraction experiments [15]. Another method 
that is used to derive the structure of a-Si;II is infrared absorption 
spectroscopy. The vibrational spectra of a-Si:H films when compared 
with those of gaseous silanes seem to show that much of the hydrogen is 
attached to silicon by ordinary covalent bonds. A silicon atom may be 
bound to one, two, or three hydrogen atoms, in which case these atomic 
groups are referred to as mono-, di-, or trihydrides, respectively. 

Since a-Si:H is an alloy of hydrogen and silicon the question arises 
whether a-Si:H is homogeneous. There is experimental evidence from 
NMR (nuclear magnetic resonance) measurements that a-Si:H may have 
regions with a diameter between 10 A and 100 Ä. Some of these regions 
are poorer and some are richer in hydrogen than the average compo
sition [16,17,18,19]. The above-mentioned regions of higher and lower 
hydrogen content suggest that the material is not homogeneous. In 
addition to compositional inhomogeneity there is also structural inho-
mogeneity commonly called voids or microcracks [20]. These two kinds 
of inhomogeneity may be connected, for instance, the hydrogen may be 
clustered in voids [21]. 

At the present time there is no consensus about the role of mi-
crostructure in device-quality material using the word micrestructure 
as it is often used to encompass all kinds of structures of a larger scale 
than the atomic scale. A problem is that the terminology for the dif
ferent kinds of microstructure is derived from experimental data that 
have been obtained from material that has been deposited under dif
ferent conditions than the conditions that are normally used to make 
devices. • 

An important question is whether this microstructure, the compo
sitional and structural inhomogeneity, depends on the film thickness. 
The reason for this is that a growth structure, the so-called colum
nar structure, is found in amorphous silicon deposited at low tempera
tures [18,22,23], However, there is no clear evidence that this coluirmar 
structure exists in a-Si:H deposited at conditions that are used to ob
tain device-quality material [20], Perhaps there is a growth structure 
at these conditions; in that case the quality of the 'material near the 

'Substrate will be different from the material at the top óf the iayéfV 

} 
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As this short introduction to the structure of amorphous silicon 
shows, there is structure in the material. It is, however, difficult to 
correlate this structure to optical and transport properties, because 
of the lack of a theoretical framework and also the lack of exclusive 
experimental data. 

1.3 Band Theory 

The concept that the one electron states in a crystal are separated in 
bands, with an upper and lower energy bound, emerges directly from 
the long-range order. In the crystal we have a periodic potential of the 
form: 

U(r-\-R) =U[r), (1.1) 

where r'is the space coordinate and i2 is a translation vector that maps 
the infinite crystal on itself. This gives us the following solution to the 
Schrodinger equation: 

0(r + _R) = e'*^V'(O. (1.2) 

where k is the wave vector. This solution is called Bloch's theorem and 
it can be shown that the energy is of the form En(k), where n represents 
the different discrete solutions of the Schrodinger equation for a certain 
k [24]. It follows directly from equation 1.2 that E^(k) is periodic in 
k and continuous and has therefore an upper and lower bound. This 
shows that all the levels En{k) lie in a band of energies. 

In amorphous silicon there is no long-range order and calculations 
tha t use Bloch's theorem are impossible. However, there is substantial 
experimental evidence that there is a bandgap in amorphous silicon 
without long-range order. 

Band theory calculations of an amorphous material use a modifica
tion of the solution of Bloch's theorem. The Bloch wave function for 
an electron in a crystal can be written a^ 

^ ( r ) 
R 

ikR 
Hf- R) - (1.3) 

where (/»is an atomic wavefunction. It is easily verified that equation 1.3 
agrees with Bloch's theorem (equation 1.2). Equation 1.3 is modified 

by introducing random phases 

0 am 

R 
R H^-R), (1.4) 

where the A^ are random in phase and ampUtude. These calculations 
result in localized states [4]. If states are localized, then an electron (or 
hole) can move from one state to another state only through thermal 
activation. Mott (see [4], pages 15-27) pointed out that If the disorder 
is less than a critical value, a tail to the nonlocalized (energy) band 
exists and the states in the band tail are localized. The localized states 
in the band tails are separated from the nonlocalized states by sharp 
energy levels. These energy levels are called Ec and E^; Ec for the 
transition from localized to nonlocalized in the conduction band and 
E„ for the transition in the valence band. 

1.4 Density of States 

There are two models for the density of states in the gap of a-Si:H that 
are often used. The oldest model was proposed by Cohen, Fritzsche, and 
Ovshinsky [25]. This model is called the CFO model and is shown in 
figure 1.3a. In this model the gap states are formed by overlapping tails 
of localized states. The states derived from the valence band are neutral 
when full and the states derived from the conduction band are neutral 
when empty. In the model proposed by Mott (see [4], pages 210-215), 
shown in figure 1.3b, the band tails are located close to the mobility 
edges Efj and E,. and the states in approximately the middle of the gap 
originate from defects acting both as donors and acceptors (for example, 

dangling bonds). 
A distinction between shallow states and deep states can be made. 

Shallow states are the states located near the mobility edges while deep 
states are located in approximately the middle of the gap. The states 
that are close to the mobility edges are usually called the tail states and 
are attributed to the absence of long-range order. This means that the 
tail states are correlated to the bond angle and bond length deviation 
[26]. Whether there are also deep tails in a-Si:H as in the CFO model 
is not clear. These deep tails should arise only from gross density or 
bond-angle fluctuations (see [4], page 211). 

J 
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E, E, E 

(a) (b) 
Figure 1.3: Two proposed forms for the density of states in a-Si:H: (a] the 

CFO model with overlapping conduction and valence band tails; (b) the model 

proposed by Mott with shallow band tails and defect levels in approximately the 

middle of the gap. 

The states in approximately the middle of the gap are normally 
attributed to defects. These defects can be regarded as disturbances 
of the continuous random-network. These defects can give a density 
of states concentrated in the middle of the gap as in the model of 
Mott (see figure 1.3b). However, a gap states distribution resembling 
the CFO model due to defects is also possible. This last distribution 
was proposed by Lecomber and Spear [27], who suggested a defect 
distribution in the form of two overlapping tails. 

There is still uncertainty about the kind of defect that is the most 
prominent. The dangling silicon bond is considered by many to be 
the most important defect and is also the most simple to imagine. It 
is, however, not the only possible defect, for instance, Pantelides has 
proposed the five-fold coordinated silicon atom as a defect and called it 
a floating bond [28]. Other possible defects are the two-fold coordinated 
silicon atom, three-center bonds, intimate pairs, and other defects [29]. 

There is much discussion about the correlation energy of the dan
gling bond. The correlation energy is the difference in energy between 

1.4. 

Energy 
Figure 1.4: The energy levels of a single occupied and double occupied dangling 

bond. D^ and D~ indicate the single and double occupied dangling bond. 

an electron in a singly occupied dangling bond and an electron in a 
double occupied dangling bond, see figure 1.4. A negative correlation 
energy would mean that dangling bonds that are singly occupied are 
less stable than empty and double occupied dangling bonds. In this case 
the dangling bonds will exchange electrons to form empty and double 
occupied dangling bonds. 

The effect of defects on the electronic properties differs from the 
effect of the tail states. In a solar cell we have two kinds of charge 
carriers, namely holes and electrons. The tail states reduce the effective 
mobility of the holes and electrons, because most of the carriers are 
t rapped in the tail states and only take part in the conduction when 
they are thermally excited into the extended states in the conduction 
band and valence band. The defects are effective recombination centers 
which reduce the lifetimes of the carriers. The defects also control the 
band-bending in the same way as donors and axiceptors in crystalline 
semiconductors. This band-bending results in a low electric field and 
this will reduce the drift velocity and the collection of the carriers. 
These effects show that the understanding and reduction of tail states 
and defects in solar cells is of great importance. 
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1.5 Scope of this Thesis 

In this thesis the optical properties and the electrical transport prop
erties of a-Si:H, which are closely related to the performance of a-Si:H 
solar cells, are studied. The investigation presented here is directed to
wards increasing the understanding of a-Si:H in relation to the practical 
application of a-Si:H in solar cells. To study the optical and transport 
properties a variety of measurements techniques were used. Reflection 
and transmission measurements were used for the optical properties; 
the Surfeice Photovoltage technique and Space-Charge-Limited-Current 
measurements were used for the transport properties. 

The optical properties are studied in chapter 3 after the description 
of the fabrication of the layers and devices of a-Si;H in chapter 2. The 
optical properties were obtained from reflection and transmission mea
surements. The theory of harmonic oscillators on an atomic scale is 
used as a starting point instead of the more conventional band theory. 
A model for the incorporation of hydrogen in the a-Si:H layer will be in
troduced to describe the relations between the hydrogen concentration 
in the layer, the refractive index, and the optical gap. 

The inhomogeneity of microcrystalline silicon (/zc-Si:H) was also 
studied using reflection and transmission mecLsurements. Microcrys
talline silicon consists of microcrystals of approximately 100 A in di
ameter surrounded by a-Si:H. This material (/zc-Si:H) can be used for 
the first layer in a solar cell because of its low light absorption and high 
conductivity. It will be shown that the first 200 A of a /ic-Si:H layer is 
amorphous. This thin interfacial layer has to be eliminated to obtain 
solaj cells with high efïïciency. 

In chapter 4 the Surface Photovoltage (SPV) technique is used to 
mea-sure the diffusion length. The diffusion length in a-SiiH is the 
average distance that a generated hole travels before it recombines with 
an electron- The diffusion length is a parameter that is closely related 
to the performance of a solar cell. In a solar cell the current is limited by 
the recombination of the generated holes and electrons and the diffusion 
length is a direct measure of this recombination. It will be shown that 
the term "diffusion length" is misleading, since the hole drift current is 
of the same order of magnitude as the hole diffusion current. This hole 
drift current increases the diffusion length by a factor y/2. 

The SPV technique is used in combination with current-voltage 
measurements on Schottky barriers to estimate the recombination close 
to the substrate in contrast to the recombination in the bulk. It was 
found that the diffusion of tin from the transparent tin-oxide layer used 
in solar cells did not increase the recombination. 

In chapter 5 the Space-Charge-Limited-Current (SCLC) technique 
for the measurement of the density of gap states is investigated for the 
case of high electric fields. Special attention is given to the so-called 
Poole-Frenkel (PF) effect that occurs in various amorphous semicon
ductor materials and could affect the interpretation of the SCLC tech
nique. It was found that the P F effect can be expected in materials with 
dangling bonds that have a negative correlation energy, which means 
that neutral dangling bonds relax in a positive and in a negative charge 
state. In our material there was no observable P F effect which gives 
additional support to the theory that dangling bonds in a-Si:H have a 
positive correlation energy. 

The density of gap states obtained by the SCLC method shows a 
large temperature dependence, however, the density of gap states of 
a-Si:H is supposed to be independent of the temperature. It will be 
shown that the temperature dependence is caused by the tail states 
near the conduction band edge, and not by a change in the density of 
gap states. 
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Chapter 2 

Fabricat ion of Films and Devices of 
Hydrogenated Amorphous Silicon 

2.1 Intro duct ion 

The radio frequency (rf) glow discharge technique is the deposition 
technique which led to the improvement of the electronic properties of 
hydrogenated amorphous silicon (a-Si:H) that made electronic devices 
possible [l]. In this deposition technique the silane feed gas (SiH4) 
decomposes under the impact of electrons in the plasma. The rf plasma 
is inductively or capacitively coupled with an if generator that provides 
the energy for the plasma. The two coupling methods are sketched in 
figure 2.1. The capacitively coupled reactor using two parallel plates 
can be scaled up easily and is used more often than the inductively 
coupled reactor [2]. The plasma emits light as electrons fall back from 
an excited state to a lower state, and this accounts for the term "glow 
discharge". 

The glow discharge decomposition of silane is normally used in the 
substrate temperature range of 150°C up to 300°C. The low tempera
tures and the amorphous character of the material make it possible to 
deposit a-Si:H on a wide range of substrates. Cheap substrates such as 
glass plates and steel foil have been used to deposit solar cells on. An 
interesting substrate that has been used to fabricate solar cells on is a 
substrate in the form of a roof tile. The use of this type of roof tiles can 
reduce the cost of a solar energy system because of the low installation 
cost [3]. 

The glow discharge technique is a versatile process. The a-Si:H 
can be doped in the gas phase by adding a small amount of doping 

15 
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(a) (b) 
Figure 2.1: Diagrams illustrating experimental methods for glow discharge depo

sition: (a) inductive coupling of the rf. (b) capacitance coupling. 

gases to the silane feed gas. Phosphine (PH3) is added to obtain n-
type films, and diborane (B2H6) is added to obtain p-type films. It is 
also possible to increase or decrease the bandgap by mixing the silane 
with gases such as methane (CH4), ammonia (NH3) or germane (GeH4). 
The alloys that are obtained unfortunately have more defects than the 
a-Si:H material. There is considerable ongoing research to improve the 
quality of amorphous silicon germanium (a-SiGe:H) since this material 
is very promising for tandem-type solar cells [4]. The a-SiGe:H alloy 
has a lower bandgap than a-Si:H and thus can be used to absorb the 
light (of long wavelength) that is not absorbed by the a-Si:H, 

There is still a lot of research going on directed towards understand
ing and improving the glow discharge deposition. Efforts are directed 
towards the increztse of the deposition rate and the improvement of the 
quality of a-Si:H and its alloys [5,6]. 

rf—generator 
GAS SYSTEM 

matching 
network 

C 

substrates 

S IH , 100% 

S i H , ( 2 % in H j 

shutter 

pump 
system 

PH3 ( 1 % in S i H j 

B^HB ( 1 % In S i H j 

B,H«(200 ppm in H,) 

Ar 

H, 

? 

i 

Figure 2.2: The glow discharge reactor that was used to deposit the a~Si:H films 

reported in this thesis. 

2.2 The Glow Discharge Reactor 

The apparatus used for the deposition of a- and ^c-Si:H films is sche
matically given in figure 2.2. The system consists of three main parts: 

o The reactor chamber, fabricated by the Japanese firm Samco, 

model PD 10. 

• The vacuum pump system, in our case a rotary pump with a ca
pacity of 45 m^/h which keeps the pressure during the deposition 
at around 0.3 torr. 

• The gas handling system, fabrication ASM. The ga.s flow rates are 
controlled by electronic mass flow controllers with an accuracy of 
1%. Mixing of the gases takes place in the common gas tube 
leading to the reactor. 

The combined leak/desorption rate of the system is below 2.10~^ 
torr.£/s. This gives a background contamination level in the gas below 
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5 par ts per million when a total gas flow rate of 100 s tandard cubic 
centimeter per minute (seem) is used. 

The reactor is an rf glow discharge parallel plate reactor. The 
13.56 MHz generator (ENI ACG 5) is connected to the upper electrode 
through a matching network and the substrate is placed on the heated 
grounded lower electrode. The volume of the stainless steel reactor is 
17 £. The distance between the electrodes is 5 cm. 

T h e total flow rate, pressure, and substrate t empera ture were kept 
constant at 100 seem, 0.3 torr, and 250°C, respectively for the films 
reported here, unless otherwise stated. The power level in em^ is cal
culated with reference to the surface of the upper electrode. 

2.3 Fabricat ion of Devices 

Two types of devices are studied in this thesis. The device tha t is 
studied in chapter 4 consists of a Schottky barrier on one side and an 
ohmie eontax:t on the other side. This device s t ructure will be referred 
to as an i-n structure. The device tha t is studied in chapter 5 consists 
of two ohmie contacts, and it will be referred to as an n-i-n s t ruc ture . 
These two device structures, the i-n and n-i-n structures, are depicted 
in figure 2.3. 

Both device structures have at least one ohmie contact. The ohmie 
contact consists of a metal layer on top of a heavily doped n-type layer 
(n'' '-layer). The use of a heavily doped layer results in a thin barrier 
between the semiconductor and the metal , and electrons can easily 
tunnel through this thin barrier. The Schottky barrier on the other 
hand consists of a metal/intrinsic-a-Si:H interface, and a large barrier 
between the semiconductor and the metal is formed which results in a 
rectifying contax:t [7]. 

The deposition conditions that are used for the different layers in 
the devices are listed in table 2.1. These are the s tandard conditions 
tha t are used unless stated otherwise. A shutter wa^ used to shield 
the substrates from the ignition of the glow discharge plasma. After 
stabilization of the plasma the shutter was removed. The shut ter was 
not used for several i-n structures and this had a substantial effect on 
the quality of the diodes. This eff"ect is discussed in chapter 4. 

(a) (b) 

tin—oxide 

glass substrate 

Figure 2.3: The device structures discussed in chapters 4 and 5; (a) is the I-n 

structure of chapter 4. and (b) is the n-i-n structure of chapter 5. 

f Table 2.1: Deposition conditions for the i- and n-layer. 

I 

material gas temperature pressure flow rate rf power growth rate 

°C torr, seem W/cm kh 

intrinsic SiH4 

H, 

250 0.3 50 

50 

36 

n-type SiH4 

PH3 

250 0.3 99 16 

L 

f 

^ 
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The metal on top of the a-Si:H is deposited by evaporation in a 
separate vacuum system. This means that the a-Si:H is exposed to air 
before the evaporation. We limited the exposure time to mciximally 15 
minutes and detected no problems afterwards with these ohmic con
tacts . Photolithography was used to etch the metal and the n"'"-layer 
so that dots remained of a size ranging from 2 mm^ to 0.25 mm^. The 
n"'"-layer was etched to make certain tha t the effective device area is 
equal to the size of the dot. 

References 
[1] R.C. Chittick, J.H. Alexander, and H.F. Sterling. The preparation and 

properties of amorphous silicon. J. Electrochem. Soc, 116(l):77-81, Jan
uary 1969. 

[2] P.G. LeComber and W.E. Spear. Topics in Applied Physics, chapter 9, 
pages 251-285. Volume 36, Springer-Verlag, 1979. 

[3] Y. Hamakawa. Amorphous Semiconductor Technologies and Devices, 
chapter 1, page 5. Volume 16, Elsevier Science Pubhshers, 1984. 

[4] S. Guha. Advances in high-efRciency, multiple-gap, multi-junction amor
phous silicon-based alloy thin-film solar cells. In Amorphous Silicon Tech
nology, Materials Research Society, 1989. 

[5] R.C. van Oort. Hydrogenated Amorphous and Microcrystalline Silicon 
Deposited from Silane-Hydrogen Mixtures. PhD thesis, Delft University 
of Technology, 1989. 

[6] G.H. Bauer, C.E. Nebel, and G. Schumm. Band tailing and transport in 
a-SiGe:H-alloys. In Amorphous Silicon Technology, Materials Research 
Society, 1989. 

[7] E.H. Rhoderick. Metal-Semiconductor Contacts. Clarendon Press, Ox
ford, 1980. 

f 

Chapter 3 

Optical Propert ies of 
Hydrogenated Amorphous Silicon 

3.1 Introduction 

In this chapter the optical properties of intrinsic layers of hydrogenated 
amorphous sihcon (a-Si:H) are studied. The linear response of a solid 
to electromagnetic radiation is determined by the dielectric constant . 
In general there is a difference in phase between the electromagnetic 
radiation and the linear response, and the dielectric constant is a com
plex number, i.e., è — ^i — iE2. The refractive index and the extinction 
coefficient are related to ê by ei = n^ — k"^ and e^ = 2nk. 

The optical properties of a-Si:H are described by the refractive in
dex n and the extinction coefficient k. These n and k are called the 
optical constants, although they depend on the wavelength. The ab
sorption coefficient a and the optical gap Eg (related to the bandgap) 
are obtained from the extinction coefficient. Reflection [R) and t rans
mission [T] measurements were used to obtain the refractive index and 
the extinction coefficient of the i-layers. The analysis of the R ajid T 
measurements is described in section 3.2. 

In section 3.3 two models tha t are used to analyze the optical prop
erties of a-Si:H are described. The first model uses a description anal
ogous to the band theory of a crystalline semiconductor. This model 
is used to obtain the optical gap from the extinction coefficient. The 
second model is based on the oscillator approximation. In this model 
the optical properties of a-Si:H are approximated by the optical prop
erties of a system of harmonic oscillators. This second model is used to 
describe the dependency of the refractive index and the optical gap on 

f 
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the hydrogen concentration in the layer. 
We studied the optical properties of intrinsic a-Si:H deposited from 

silane-hydrogen mixtures and various rf powers. The silane-hydrogen 
mixtures and the rf powers we investigated are close to the optimum 
conditions for devices, e.g., solar cells. In this chapter the relation 
between structure and optical properties of the i-layers will be discussed. 
In particular the role of hydrogen in the layers will be investigated. 

The refractive index and the optical gap of a-Si:H depend on the 
hydrogen concentration in the a-Si:H layer. In section 3.5 we introduce 
a model for the incorporation of hydrogen in the a-Si:H network. This 
model for the incorporation of hydrogen is used in section 3.5 with the 
concept of bond polarizabilities to calculate the refractive index as a 
function of the hydrogen concentration in the layer. The experimental 
and calculated refractive index as a function of the hydrogen concen
tration show a reasonable correspondence. 

The optical gap as a function of the hydrogen concentration in the 
a-Si:H layer is discussed in section 3.6. The oscillator model is used with 
the model for the incorporation of hydrogen to calculate the optical gap 
as a function of the hydrogen concentration. The calculated relation 
between the optical gap and the hydrogen concentration corresponds 
with the experimental relations as found by other research groups. 

In section 3.7 the inhomogeneity of microcrystalline silicon (^c-Si:H) 
is studied. We present a simple optical method to study this inhomo
geneity. With this method it is found that the first 200 A of a 5000 A 
thick ßc-Sv.H layer is amorphous. This amorphous interfacial layer is 
harmful to the efficiency of a solar cell that uses a /ic-Si:H layer as a 
p"*" window layer. 

3.2 Analysis of Reflection and Transmis-
I 

sion Measurements 

In this section the method to obtain the refractive index n and the 
extinction coefficient k from the reflection R and the transmission T 
is described. The basic principle of this method can be divided into 
a simulation part and an optimization part. By simulation is meant 
the calculation of R and T for a given n and k. By optimization is 

meant the adjustment of n and k until the best correspondence of the 
calculated R and T with the measured ß and T is obtamed. 

3.2.1 Simulation 
If light passes the boundary between two media with different refractive 
indices, then some energy will be transmitted and some energy will be 
reflected. The reflection R and the transmission T are defined by 

r = Transmitted energy 

Incident energy 
and R^ 

Refiected energy 

Incident energy 
(3.1) 

The reflection and transmission depend on the refractive indices of the 
two media, on the angle between the direction of the light and the 
boundary, and on the polarization state of the light. In normal inci
dence, the reflection and transmission depend only on the refractive 
indices of the two media. In the remainder of this chapter we will only 
consider the case of normal incidence. 

The reflection and transmission coefficients are defined by the follow
ing formulas using the amphtude of the light. The reflection coefficient 
r and transmission coefficient t are given by 

r = 
amplitude of reflected light _ Jip - " i 

amplitude of incident light no + ^i 
(3.2) 

and 

f =: 
amplitude of transmitted light _ 2no 

amplitude of incident light nn + ni 
(3.3) 

where TIQ is the refractive index of the flrst medium and n^ is the refrac
tive index of the second medium. These r and t are called the Fresnel 
coefficients. The reflection and transmission can be expressed in r and 

thy 

^ ^ , . ^ K - ^ i ) 
[no+niY 

an d 
no 

4noni 

(no + ill) 2 
(3.4) 

It is easy to verify that R-\-T = I. 
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The calculation of R and T is described in appendix A. In the 
appendix the following optical systems are treated: 

• A single non-absorbing layer, coherent or incoherent. 

• A single absorbing layer. 

• A thin film (coherent) on a substrate (incoherent). 

• The method to obtain R and T for a large number of layers. 

The refractive index n and the extinction coefficient k are obtained 
from the measured R and T by fitting the calculated R and T to the 
measured R and T. The fitting procedure is described in the next 
subsection. 

3.2.2 Optimization 

The method to obtain the refractive index [n], the extinction coefficient 
(Jc), and the layer thickness {d) of the a-Si:H film from R and T mea
surements will be described in this subsection. The method is based 
on the optimization of n, fc, and d until the best correspondence of the 
calculated R and T with the measured R and T is obtained. This sub
section is divided in the optimization of d, the optimization of k, and 
the optimization of n. The outline for the remainder of this subsection 
is 

Determination of the layer thickness. 

Determination of the extinction coefficient as a function of the 
wavelength. 

Determination of the refractive index as a function of the wave
length. 

The layer t h i ckness 

The layer thickness of an a-Si:H film can be obtained from the distance 
between the minima and maxima in the reflection which are caused by 
interference. A typical measured reflection signal is shown in figure 3.1. 
These extrema in the reflection occur when the double layer thickness 
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Figure 3.1: The reflection of an a-Si:H film on a Corning 7059 substrate. 

is an integer multiple of the half wavelength in the layer (A/ni) and the 

absorption of the layer is negligible 

|koA = 2 n i ( i i , where k o ^ 1 ) ^ ) ^t • • • • (3.5) 

In the above equation is A the wavelength in vacuum, ni the refractive 
index of the a-Si:H layer, and di in the layer thickness. The indices refer 
to the notation used by Heavens [l], where the layers and interfaces are 
numbered from 1 to iV starting at the top layer (see the illustration 
in appendix A). For a-Si:H films on a glass substrate the maxima in 
the reflection occur for ko is odd, because Hair < Jia-si:H and rtgiass < 
•"a-SuH- Equation 3.5 is only vaUd for a non-absorbing layer. Because 
the absorption of a-Si:H is negligible at long wavelengths, equation 3.5 
can be used (at long wavelengths). 

Equation 3.5 is obtained by differentiating the reflection as a func
tion of the wavelength and by solving dR/dX =^ 0. For a coherent non-
absorbing layer (a~Sl:H film) on an incoherent non-absorbing substrate 
(Corning 7059) the reflection is given by (appendix A, equation A.20) 

R = n.2 + 
1-1 1 ^ ' 

1 - ra 
-f 

(3.6) 

1.2 
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i«t 

ill 

where f 12, r^2i 1̂,2> a-nd i^j ^^^ ^^^ reflection and transmission coef
ficients of the a-Si:H layer. The reflection coefficient of the glass/air 
boundary is rs. Since the refractive index of Corning 7059 and the re
fractive index of a-Si:H are slow varying functions of the wavelength, 
we can consider r^ to be constant. If d\ri^2\^/d\ — 0 then 

d 
d\ 

r' 1,2 = 0, 
d 

dX 
t 1,2 = 0 and ' t ' 

dX 1,2 = 0 

because 

«0 
t 1.2 = 1 and f' 1,2 

«2 
1.2 = 1 

for a non-absorbing layer [R-\- T = l ) . 
This means tha t the solution of dR/dX = 0 is equivalent to the so

lution of d\ri^2\^/dX — 0. For fi^2j we have the expression (appendix A, 
equation A.6) 

r i .2 
r i + r2 e -2iS 

1 + r2rx e-2»*i 
(3.7) 

where r i and r2 are the reflection coefficients of the air/a-Si:H and the 
a-Si:H/glass boundary, respectively. The phase shift Si is the shift in 
phase of the light wave when it travels from the top to the end of the 
layer, and 81 — {2-K/X)nidi. The derivative of |fj_2|^ is 

dX •̂1,21 ~ 2rir2 sin2(5i 
{^-rl){rl-l) d2êi 

(1 + 2rir2 cos 28i + rff)^ ~äÄ" 
(3.8) 

The solution of d\fi2\^/dX = 0 is 

sin 2Si - 0 
27r 

^ Si^ -j-^i^i ^ i^o '^ ' where ko = 1, 2, 3, . . . , 

I (3.9) 
and is equal to equation 3.5. 

Before the layer thickness can be obtained from the position of the 
reflection maxima with equation 3.5, the refractive index of the layer 
ha^ to be obtained. The refractive index can be obtained from the 
height of the reflection maxima. This is done by solving the following 
equation with Newton's iteration 

(3.10) -''•meaB -*^calc — " i 

0.8 

c 
O 

u 

M— 

3.0 ••3.2 
3.8 4.0 3.4 3.6 

refract ive index 

FiRure 3 2' The calculated reflection as a function of the refractive index The 

solid line is the reflection with a constant layer thickness, and the dashed hne 

is the reflection with an adjusted layer thickness so that nd - constant. The 

horizontal line is used as an illustration of a measured reflection. 

with 
Tiidi = cons tan t . (3.11) 

R is the measured reflection and i2.aic is the calculated reflection. 
B r d u s e i?. . . . is an oscillating function of n „ the condition n,rf, -^ 
constant is used. This condition is necessary to ob tam a umque solution 

as can be seen in figure 3.2. , ^i. . +>,„ -.„ 

The layer thickness can be obtained from the wavelengths at the re

flection maxima (A^^) , and the refractive mdices at these wavelengths 

(Jimax)- The layer thickness di as a function of A^ax, "max, ana K« is 

given by 

, ko-^max 
di = —, J 

where ko — 1, 3, 5, . . (3.12) 

An max 

T h e layer thickness d^ can be obtained from equation 3 12, if the order 
ko is known. This order cannot be obtained directly. We use the fact 
t ha t d, is not constant bu t a function of A „ „ when k is mcorrect^ 
This is illustrated in table 3.1 for an a-Si:H layer on a Coming 7059 

üf' 
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Table 3.1: The thickness d given as a function of Amax for several values of ko 

A layer thickness of 1.65 ± O. lO^m is obtained from this table. 

ko (at 0.905/im) 21 23 25 27 29 

max ( / i m ) n max 

0.718 

0.753 

0.795 

0.845 

0.905 

3.59 

3.52 

3.50 

3.46 

3.42 

di (/xm) di (/zm) di (/im) di (/im) di (/xm) 

1.45 

1.44 

1.42 

1.41 

1.39 

1.55 

1.55 

1.53 

1.53 

1.52 

1.65 

1.66 

1.64 

1.65 

1.65 

1.75 

1.76 

1.76 

1.77 

1.78 

1.85 

1.87 

1.87 

1.89 

1.92 

glass substrate. In this table the thickness di is given as a function of 
Amax for several values of ko, and a layer thickness of 1.65 ± 0.10/im is 
obtained. 

T h e e x t i n c t i o n coefficient 

The extinction coefficient ki is obtained from the absorption coefficient 

A«! 
ki = 

47r 
(3.13) 

Naturally, the layer thickness has to be known before the absorption 
coefficient can be obtained from the R and T measurements. There
fore, the absorption (or extinction) coefficient is optimized after the 
layer thickness is obtained. The values of n^ax of the layer thickness 
optimization are used for the refractive index. 

The absorption coefficient is obtained by solving the following equa
tion with Newton's iteration 

meas T^cal 

1-R meas 1 — -ßcalc 
0 . (3.14) 

The expression T/[l-R) is closely related to the absorption coefficient,' 

as can be seen for the case of a single absorbing layer 

1 - R 1 - 1̂ 1.2 

— a i d 

Äi 
(l-lfiHe-"'^' — Of I d l a i 

1 - f 2 ' e 2 ^ - 2 a i d i 
^""^ 

(3.15) 

where R and T are obtained from equations A.16 and A.17. It is clear 

that for a non-absorbing layer 

1-R 

l-\r2? = 1 <̂ =̂  i? + T = 1. (3.16) 

The advantage of T / ( l - R) over 1--R-T is that the first does not 
contain the phase in the form cos2<5i. This means that the extinction 
coefficient can be obtained even if the refractive index and the layer 
thickness are not well matched. Therefore, the extinction coefficient is 
optimized before the refractive index. 

T h e r e f r ac t ive i n d e x 

A problem with the optimization of the refractive index is the oscillating 
character of R and T as a function of n. For the optimization of the 
layer thickness, this problem was solved by adjusting n and d at the 
same time so that nd — constant. The constant was known since the 
maximum reflection points were used. The refractive indices between 
these maximum reflection points have to be obtained in another way 

since nd is not known. 
We used the following method to obtain the refractive index. The 

refractive index is described by the function n(A) — a/A^ + b/\ + c, and 
the parameters of this function (a, 6, c) are optimized. This optimiza
tion means that the following error function is minimized: 

err(a,6,c) = Yl ( - ^ 
datapointa 

eas - Rc^\c{a,f',c)] (3.17) 

The layer thickness is again adjusted so that n „ „ d = constant at the 
reflection maximum at the longest wavelength. The error function is 
minimized with the Gauss-Newton method [2]. 
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3.3 Mode l s for t he Opt ica l P r o p e r t i e s 

The linear response of a solid to electromagnetic radiation of angu
lar frequency w is determined by the comiplex dielectric constant CLS a 
function of frequency 

ë(cj) — £i{uj) — 1^2(u;). (3.18) 

The refractive index n and the extinction coefRcient k that are ob
tained from the reflection and transmission measurements can be used 
to obtain ê(w) 

n -k 

e2(w) = 2nk . 

The absorption coefficient is given by 

A nc 

(3.19) 

(3.20) 

(3.21) 

where c is the speed of light in vacuum. 
In the research field of the optical properties of crystals the atten

tion is focused on the imaginary part of the dielectric constant £:2(^)-
This e^i^) gives information about the density of states, since e:2(Lj) 
is related to the transition of electrons from the valence band to the 
conduction band. The Kramers-Kronig relations can be used to obtain 
ei(oj) from £2{to) [3,4]. In a crystal e:2(w) can be obtained from the 
following expression [5] 

e2H=C-^]'lplHJ..H, \muj J 3 
(3.22) 

I 

where Pcr(w) is the momentum matrix element for the transition be
tween the valence band and the conduction band, and J^d'-^) is the 
joint density of states that is obtained by a surface integral in A;-space. 
Jvc{^) represents the number of states in the valence band and the con
duction band which can undergo energy and ^-conserving transitions 
for the photon frequency cj. 

For a-Si:H equation 3.22 is no longer valid. Through the loss of 
translational symmetry in a-Si:H, the wave vector fc is no longer a good 

^ 
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quantum number that needs to be - - 7 ^ < 1 ; ^ ^ ; ; : ^ ^ ^ ^ f ^ ^ r " ' ^ ' " 
Instead, an expression analogous to equation 3.22 is used 16,7,8] 

£2(w) = 
2 M Y 

mujj I (3.23) 

in which the joint density of states JVC(CJ) of the crystalline material has 
been replaced by a simple convolution of occupied valence and empty 
conduction density of states N^[E) and N^E)^ respectively. Equa
tion 3,23 is what one intuitively expects for transitions that are subject 
only to energy conservation, but no longer to k conservation. 

Taue [6] used the approximation that the momentum matrix ele
ments Pam(^) ^^^ constant for transitions between delocalized states in 
the valence and conduction band, and he used the approximation that 
the valence and conduction band are parabolic. This gives for £^2(^)-

&2(w) 

p2 
oc —r X (?iw - Eg) (3.24) 

UJ 

for 
N^oc^fÉ^E a nd N, a yJË^ E, (3.25) 

with 
E, = Ec- E^. (3.26) 

If the absorption coefficient a{.) is substituted for e,[u) we obtain 

/ 

constant [hU - Eg) , (3.27) 

because n[.) varies slowly with . the following equation is used by 

experimentahsts [9,10] 

v̂  B(hu- Eg). (3.28) 

will use only the Taue gap to analyze our data. 
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Another model for the optical properties is based on the single os
cillator approximation. In this model the dielectric response of a solid 
is approximated by the response of a number of oscillators of the same 
type. The polarizability of the harmonic oscillator is [13 

o p -
m(wQ — cj^ + i^u}) 

(3.29) 

where UJQ is the natural frequency of the oscillator, m is the m^ass of the 
electron, and ^ is the damping factor. 

The dielectric constant is obtained from the polarizability with the 
Clausius-Mossotti relation 

E-1 47r 
^ —K.a 

Ê + 2 3 
OS'-^'P ) (3.30) 

where Â oe is the number of oscillators per unit volume. The dielectric 
constant is not proportional to the sum of the polarizabilities because 
of the local field correction [14J. The electric field that is "felt" by the 
oscillator is not the applied field, because of the other oscillators. The 
surrounding oscillators modify the applied field, and this results in a 
different electric field at the place of the oscillator, which is called the 
local field. The dielectric constant is expressed by 

s=l + 
ijj. 

UJl— U)^ -\- l^bj 
(3.31) 

where 

and ul = AnK OS 
m 

(3.32) 

I 

The replacement of WQ by wj is the consequence of the local field cor
rection [15]. 

Although equation 3.31 does not accurately describe the data, it 
can be used to determine wi and Wp, quantities that have physical sig
nificance. The plasma frequency Up is used to obtain the Penn gap hojg 
using [16] 

n oo 3a;2 (3.33), 

1 
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where n^ is the low energy refractive index. The Penn gap is based on 
a simple two-band model for an isotropic semiconductor with a spher
ical Brillouin zone [17,18]. The Penn gap htOg represents an average 
separation between valence and conduction bands and is a measure of 
the covalent bond strength [19,20]. 

3.4 Exp er iment 

3.4.1 Deposition of the Films 
In this chapter the optical properties of intrinsic films are studied. 
These films were made by means of the rf glow discharge process as 
described in chapter 2. The deposition conditions for the films were the 
same ELS the standard conditions in chapter 2, except for the silane/hy-
drogen ratio in the feed gas and the rf power. The rf power was varied 
between 15 and 482 mW/cm^, and the silane (SiH^) concentration in 
the feed gas WCLS varied between 2 vol.% and 100 vol.%. A silane con
centration of 25 vol.% means a hydrogen flow rate of 75 seem, and a 
silane flow rate of 25 seem. The total flow rate WZLS kept constant at 

100 seem. 
The amount of hydrogen in the a-Si:H layer is considerable, namely 

between 5 and 25 atomic percent [21]. The concentration of hydrogen 
in the deposited layers was obtained from nuclear reaction analysis 
(NRA) [22]. These results are correlated with the optical measurements 

in sections 3.5 and 3.6. 
At a low silane/hydrogen ratio and high rf powers microcrystalline 

silicon (/ic-Si:H) is formed [23,24,25]. In section 3.7 these /iC-Si:H layers 
are studied. The ^c-Si:H films were grown with a silane/hydrogen ratio 
of 2 vol.% and an rf power of 310mW/cm^. The thickness of the layers 
was 5000 Ä. The films were deposited on Corning 7059 glass for optical 
measurements. For X-ray diffraction measurements monocrystalline 
silicon wafers were used as a substrate. It was determined from the X-
ray measurements that the average size of the crystallite in the ;ic-Si:H 

layer wets 100 Ä. 
Microcrystalline silicon has a lower light absorption than a-Si:H. 

This means that juc-Si:H is an attractive material for the p'*' window 
layer in a thin film solar cell [26]. The growth of /iC-Si:H is inhomo-
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Figure 3.3: Experimental apparatus for the reflection and transmission measure

ments. 

geneous which means that the material near the substrate is different 
from the material at the top of the layer. This effect, which is harmful 
to the operation of a solar cell, is studied in section 3.7 using optical 
measurements [27]. 

3.4.2 Experimental Setup 

The experimental apparatus for the reflection and transmission mea
surements is schematically depicted in figure 3.3. A 100 W halogen 
lamp was used as a light source and was focused on the entrance slit 
of the monochromator (Hilger&:Watts). The monochromatic light was 
connected by a fiber bundle with the reflection and transmission ap
paratus. This apparatus uses two EG&G HUV silicon photodiodes to 
measure the reflection and the transmission. The silicon photodiodes 
can be replaced by two germanium photodiodes (Germanium Power 
Devices GM-6) to extend the wavelength range to 1.6/im. The wave
length range for the silicon photodiodes is 0.5/xm-l.O/xm. The wave
length range for the germanium photodiodes is 0.8/im-1.6/im. The 
measurement was controlled by an HP 310 microcomputer. The com
puter controlled the wavelength and read the voltage from the two IfP 
3478A voltmeters which are connected with the photodiodes. 

We used the following procedure to measure the reflection and trans
mission of an a-Si;H layer on a Corning 7059 substrate. First a sapphire 
window was placed in the substrate holder (Melles Griot 02 WSA008). 
The refractive index of this sapphire window is tabulated [28], and was 
used to calculate the reflection and transmission of the sapphire win
dow. This reflection and transmission of the sapphire window was used 
as a reference. The wavelength was scanned from 0.5/im to 0.95/zm. 
when the silicon photodiodes were used. The voltage of the two sili
con detectors was measured with the two voltmeters and stored in the 
memory of the computer. This procedure was repeated for the a-Si:H 
sample. Since the voltage of the silicon detectors is linear with the light 
intensity and the R and T of the sapphire reference sample is known, 
the calculation of the R and T of the a-Si:H film and Corning 7059 
substrate is straightforward. 

3.5 The Refractive Index 
In this section the relation between the hydrogen concentration in the 
layer and the refractive index is studied. The refractive index depends 
strongly on the deposition conditions as can be seen in figure 3.4, where 
the refractive index as a function of the rf power is shown. We will ana
lyze the relation between the hydrogen concentration and the refractive 
index with the model of bond polarizabilities and a model for the in
corporation of hydrogen in the layer. 

The refractive index at long wavelengths n^o can be written in terms 

of individual oscillators with a polarizability «p using the Lorentz-

Lorenz equation [29,30] (see equation 3.30) 

(3.34) t^ = —K.a 
"L + 2 

OB^P • 

In the case of a-Si:H these oscillators are the Si-Si bond and the Si-H 
bond. Because the electrons are located in a covalent bond between 
the atoms, we use the concept of bond polarizability [Sil- For an lomc 
compound the concept of ion polarizability has to be used 

The bond polarizability of the Si-Si bond is obtamed from the re
fractive index of a-Si:H with a low hydrogen content. The refractive 

I 
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Figure 3.4: The refractive index as a function of the rf power. The feed gas was 

undiluted silane for all data. 

index of a-Si:H with a low hydrogen content is higher than the re
fractive index of crystalline silicon, because the average bond strength 
(given by the Penn gap) is smaller for a-Si:H [32,33]. We used a refrac
tive index of 3.6 and an atomic density of 5.0 x 10^^ atoms/cm^ (the 
density of c-Si) to obtain the polarizability of the Si-Si bond: 

osi-si = 1.91 X 10"^^ cm^ . (3.35) 
'i 

The bond polarizability of the Si-H bond is taken from the polarizabil
ity of the SiH4 molecule which is [34] 

- 2 4 «siH^ = 5.44 X 10 ^^cm > ösi-H = 1.36 X 10"^"* cm^ (3.36) 

The refractive index is obtained from the Lorentz-Lorenz equation; 

n oo 

< + 2 - T(-^si-siasi-si + Nsi~uo^s\--H) , (3.37) 

A B 

Figure 3.5: The incorporation of hydrogen in the a-Si:H network. The silicon 

atom is indicated by a large closed circle: the hydrogen atonn is indicated by a 

small open circle. 

where A ŝi-Si is the number of Si-Si bonds per unit volume and Nsi-u 
is the number of Si-H bonds per unit volume. 

The refractive index depends on the hydrogen content, because Si-Si 
bonds are broken and replaced by Si-H bonds. We will use the model 
depicted in figure 3.5 for the incorporation of hydrogen in the a-Si:H 
network. In figure 3.5 it can be seen that for every hydrogen atom one 
Si-Si bond is broken and replaced by one Si-H bond (process A). When 
more hydrogen is added, then two hydrogen atoms can break three Si-Si 
bonds which are replaced by two Si-H bonds (process B). This means 
that the total polarizability (A^si-siOsi-si + -^si-Hasi_H) decresises faster 
for process B than for process A. 

The refractive index as a function of hydrogen concentration can be 
calculated with equation 3.37 for process A shown in figure 3.5. The 
hydrogen concentration in atomic ratio is given by 

Cn = 
N-H 

Â si + Nn 
Cn^ 

N H 

iV,.si + (3/4)iVH 
(3.38) 

usmg 

Nsi = N^-si - i ^H , (3.39) 

where A^H and Ns; are the number of hydrogen and silicon atoms per 
unit volume in the a-Si:H layer, and where N,.si is the number of silicon 
atoms per unit volume in crystalline silicon. The number of hydrogen 

I 
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Figure 3.6: The refractive index versus the hydrogen concentration in atomic ratio. 

The line indicates the theoretical relation, and the circles indicate experimental 
data. 

atoms per unit volume as a function of the hydrogen concentration is 

The number of bonds per unit volume is given by \ 

(3.40) 

iVsi_si = 27V,.si - iVn ^ 7Vc-si(2 - C^ - f C^) (3.41) 

i 
and by 

^Si-H = iVH«7V^.Si(CH + | C ä ) (3.42) 

The refractive index as a function of the hydrogen concentration can be 
calculated with equation 3.37, 3.41, and 3.42. The calculated refractive 
index versus the hydrogen concentration is shown in figure 3.6. -

The experimental refractive index versus C-^ are indicated by open 
circles in figure 3.6. The experimental points follow the theoretical 
curve reasonably well considering the crude model that was used. The 
slope of the experimental n^o versus Cn descends faster than the the
oretical slope which may indicate that process B for the incorporation 
of hydrogen is important (see figure 3.5). 

In conclusion, a model using bond polarizabilities and a model for 
the incorporation of hydrogen in the a-Si:H layer is presented to ex
plain the relation between the hydrogen concentration in the layer and 
the refractive index. The experimental refractive index corresponds 
roughly with the calculated refractive index for hydrogen concentra
tions between 8 atomic percent and 23 atomic percent hydrogen. 

3.6 The Optical Gap 
In this section the relation between the hydrogen concentration in the 
layer and the optical gap is studied. The optical gap is obtained from 
the absorption coefficient using the Taue relation 

(3.43) ^Ja[hy]hu = B[hu - E,] , 

where hu is the photon energy, a[hu) is the absorption coefficient, B is a 
constant, and Eg is the optical gap. The optical gap depends strongly 
on the deposition conditions as can be seen in figure 3.7, where the 
optical gap as a function of the rf power is shown. We will analyze the 
relation between the hydrogen concentration and the optical gap with 
the model of harmonic oscillators that was presented in section 3.3, and 
with the model of the incorporation of hydrogen that was presented in 

section 3.5. 
The optical properties of a-Si:H can be described with the oscillator 

model of section 3.3. The complex dielectric constant is given by 

E = l^ 
U. 

ul - cj2 + i^oj 
(3.44) 

where 

W j = W Q -
47rN^sq' 

3m 
an d UJ I = 4nNos 

m 
(3.45) 
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Figure 3.7: The optical gap as a function of the rf power. The feed gas was 

undiluted silane for all data. 

The polcirizability of a single oscillator is given by equation 3.29, for 
low frequencies it is given by 

ap = 
mul 

(3.46) 

The plasma frequency ojp can be expressed in terms of WQ and the re
fractive index Jioo using the Lorentz-Lorenz equation and a^ 

2 4 ^ ^r 3q 

ma nlo + 2 
3a; 0 • (3.47) 

The plasma frequency Wp increases from 1.48 Wp to 1.55 WQ if "oo ir*-
creases from 3.0 to 3.6. This is a small relative increase compared to 
the shift in Wi from 0.27 WQ to 0.20 WQ for the same increase in the re
fractive index. This means that the shift in Wj will dominate the optical 
properties as a function of the hydrogen concentration. 

> 
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Figure 3.8: The optical gap versus the hydrogen concentration in atomic ratio. 

The line indicates the theoretical relation, and the circles indicate experimental 

data 

The optical gap will be described in terms of hui. We will use 

the approximation that the shift in huji is the same as the shift in the 

optical gap 
Eg ~ constant + huji. (3.48) 

The peak position of the £2 spectrum (ê = STI — {£2] which is equal to 
hui falls in the range of 3.55-3.75 eV [35,36]. The optical gap of a-Si:H 
with a low hydrogen content is about 1.5 eV [37,38,39,40]. We will use 
?iuJi = 3.6 eV, n^o = 3.6, and Eg =• 1.5 eV at Cn = 0. hui is given by 
the following expression with the use of equations 3.45 and 3.47 

huJi = htüQ i 1 -
n l - l 
n 

0 0 
+ 2 ' 

(3.49) 
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where 
huQ - 8.0 eV (3.50) 

The optical gap in eV is given by 

E, = hiüi - 2.07 . (3.51) 

The optical gap as a function of hydrogen concentration can be 
calculated with equation 3.49 and the refractive index calculated with 
equations 3.37, 3.41, and 3.42 which were obtained for process A shown 
in figure 3.5. The calculated optical gap versus the hydrogen concen
tration is shown in figure 3.8. This curve can be approximated with 
the phenomenological expression 

E. 1.5 + 1.2C H (3.52) 

The experimental values of Eg versus Cn are indicated by open circles 
in figure 3.8. 

The phenomenological expression 3.52 can be compared with the 
experimental relations between Eg and CH of different research groups. 
Cody et al. found the relation [9] 

E, = 1.5 + 1 . 5 CH (3.53a) 

The Matsuda's group found [41] 

E, = 1.48 + 1 . 9 CH (3.53b) 

Ross et al. found [42] 

Eg - 1.56 + 1 . 2 7 C H , (3.53c) 

and the relation 
E. 1.7 + 1 . 7 CH (3.53d) 

was found by McKenzie et al. [43]. The few experimental points in 
figure 3.8, for the films deposited in our laboratory, are not enough to 
obtain an experimental relation like equations 3.53a-3.53d. 

The theoretical relation between Eg and CH (equation 3.52) corre
sponds reasonably well with the experimental relations (the four equa
tions 3.53a-3.53d) considering the difference between the four experi
mental relations. The slope of Eg versus CH of the theoretical relation 
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is smaller than the slope of Eg versus CH of the four experimental re
lations. This difference in the slope of Eg versus CH can be explained 
with process B for the incorporation of hydrogen in the layer (see fig
ure 3.5), and this corresponds with our refractive index measurements 

of section 3.5. 
In conclusion, the optical gap as a function of the hydrogen con

centration was calculated with bond polarizabilities that were obtained 
from the literature and with our model for the incorporation of hy
drogen in the layer. The theoretical relation between the optical gap 
and the hydrogen concentration agreed with the experimental relation 
obtained by several research groups. 

3.7 The Inhomogeneity of Microcrystalline 
Silicon 

The efficiency of amorphous silicon solar cells depends strongly on the 
amount of light absorption of the heavily boron doped layer (p+-layer) 
at the illuminated side of the solar cell (the window layer), because 
light that is absorbed in this layer does not contribute to the current 
in the solar cell. The standard p'^-layer of a-Si:H in a p-i-n solar cell 
can absorb 20% or more of the incident light. Microcrystalline silicon 
has the advantage of a lower absorption and a higher doping efficiency 
combined with a low activation energy. This results in a higher short 
circuit current (Ige) and a higher open circuit voltage (Voc) of the solar 

cell [26]. 
Microcrystalline silicon (^c-Si:H) is formed under different condi

tions than a-Si:H. The silane feed gas must be diluted with hydrogen 
up to 10 vol.% or less and higher rf power levels are necessary. This 
^c-Si:H consists of two phases of about 90 vol.% microcrystals, with an 
average diameter of 100 A, embedded in an amorphous network [44]. 
We used Corning 7059 glass as a substrate and deposited layers in an 
rf glow discharge under the conditions for the growth of /xc-Si:H. The 
deposition conditions are described in section 3.4. 

Optical reflection and transmission measurements were used to char
acterize the films. The refractive index and absorption were obtained 
from the reflection and transmission by means of the computer fitting 

\ 
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Figure 3.9: The refractive index of the //c-Si:H layer measured with the light 

incident at the substrate (dashed line) and with the light incident at the /ic-Si:H 

layer (solid line). 

procedure described in section 3.2. We found that the refractive index 
depended on the direction of the incident light. That is whether the 
light was incident at the substrate or incident at the /xc-Si:H layer. Fig
ure 3.9 shows the calculated refractive index when the light is incident 
at the substrate together with the calculated refractive index when the 
light is incident at the pc-Si:H. As can be seen from the figure the 
two curves are identical within experimental error between 600 nm and 
900 nm. At shorter wavelengths the refractive index of the //c-Si:H 
layer measured from the substrate side increases faster than the other 
curve. 

It has been reported that layers of a few hundred Ängstrom de
posited under the conditions for the growth of ßC-S'r.H have different 
properties from layers thicker than approximately 1000 Ä [26]. Trans-

«ri 

THE INHOMOGENEITY OF MiCROCRYSTALLINE SILICON 45 

a-Si:H 

Corn ing 7059 

inc ident l ight 

Figure 3.10: Optical system for the simulation of the reflection and transmission 

of a pc-Si:H layer. 

mission electron microscopy has been used to monitor the growth pro
cess of the /xc-Si:H layer. Layers of a few hundred Ängstrom were 
amorphous and the microcrystalline phase increcised with increasing 
film thickness [45]. We used this model to explain our optical measure
ments. When the glass substrate is placed in the glow discharge there is 
first the deposition of a thin a-Si:H layer and on top of that interfacial' 
layer a /ic-Si:H layer starts growing. 

Figure 3.10 shows the optical system that was used to calculate the 
reflection and transmission with the light incident at the substrate. For 
the refractive index of the a-Si:H layer and the /[xc-Si:H layer we used 
the experimental data of figure 3.11. There is a noticeable difference 
between the refractive index of a-Si:H and ;ic-Si:H. The cause of this 
difference is the lower density of ^c-Si:H that reduces the refractive in
dex [46]. This lower density is caused by the amorphous network with a 
low density that surrounds the microcrystals. The calculated reflection 
and transmission were treated in the same way as the measured reflec
tion and transmission. We used the same fitting procedure to obtain 
the refractive index of one hypothetical homogeneous layer on the glass 
substrate. The result of this fitting procedure for three sets of simu-
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lated reflection and transmission data is shown in figure 3.12. As can be 
seen from the figure, the refractive index obtained from the calculated 
reflection and transmission with an a-Si:H layer of 200 A corresponds 
with the refractive index obtained from the measured optical data with 
the light incident at the substrate. 

The curve of the refractive index as a function of the wavelength can 
be explained by the wavelength dependent absorption. At decreasing 
wavelengths the penetration depth of the light decreases because of the 
increased absorption. At a small penetration depth the light incident 
at the substrate "sees" both the interfacial amorphous silicon layer and 
the /ic-Si:H layer. The light incident at the ^c-Si:H layer "sees" only the 
^c-Si:H material. Added to this effect is another effect caused by the 
fact that shorter wavelengths are more sensitive to interference effects 
caused by the thin interfacial a-Si:H layer. In this way the thin inter
facial a-Si;H layer contributes more to the refractive index at shorter 
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Figure 3.12: The calculated refractive index for the optical system of figure 3.10. 

Three different layer thicknesses have been used for the a-Si:H layer: 100 Ä. 

200 Ä, and 300 Ä. 

wavelengths, and with increasing thickness of the interfacial layer the 
refractive index at long wavelengths increases. 

In conclusion, a simple optical method has been developed to esti
mate the thickness of the amorphous interfacial layer of /ic-Si:H films. 
This thickness, of the order of 200 Ä, agrees with conductivity experi
ments on doped fic-Sv.'R [47]. The interfacial layer has to be eliminated 
to obtain an optimal p+-layer for the window layer in amorphous silicon 
solar cells. 

3.8 Conclusions 

The refractive index at long wavelengths and the optical gap depend on 
the hydrogen concentration in the layer. We have shown that the influ-
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ence of the hydrogen concentration on the optical properties of intrinsic 
hydrogenated amorphous silicon (a-Si:H) can be modeled with the sin
gle harmonic oscillator model, the concept of bond polarizabilities and 
a model for the incorporation of hydrogen in the layer. 

The refractive index as a function of the hydrogen concentration 
WcLS calculated with bond polarizabilities tha t were obtained from the 
li terature and with our model for the incorporation of hydrogen in the 
layer. The calculated refractive index versus the hydrogen concentra
tion agreed with the experimental refractive index. 

The optical gap versus the hydrogen concentration was calculated 
employing the same models used for the refractive index. The theo
retical relation between the optical gap and the hydrogen concentra
tion agreed with the experimental relation obtained by several research 
groups. 

A simple optical method was introduced to analyze the inhomo-
geneity of a microcrystalline silicon layer |27]. We found tha t the first 
200 Ä of a 5000 A thick microcrystalline layer is amorphous. This re
sult agrees with conductivity measurements and transmission electron 
microscopy. This amorphous interfacial layer has to be eliminated to 
obtain a good microcrystalline p"*" window layer for solar cells. 
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Chapter 4 

Diffusion Length Measurements 

4.1 Introduction 

I 

r 

The diffusion length is a parameter that is closely related to the per
formance of a solar cell. In a solar cell the current is limited by recom
bination of the generated holes and electrons and the diffusion length 
is related to this recombination. The minority carrier diffusion length 
is the average distance that a generated minority carrier travels in the 
absence of an electric field before it recombines with a majority carrier. 
In intrinsic hydrogenated amorphous silicon (a-Si:H) the hole density 
and electron density are equal. Therefore, the diffusion length of a-Si:H 
is called the ambipolar diffusion length. 

The ambipolar diffusion length of a-Si:H was measured by the Sur
face Photovoltage (SPV) technique. The principle of this technique 
is based on the illumination of a transparent rectifying contact with 
monochromatic light at different wavelengths. The resulting photovolt
age is held constant by adjusting the light intensity at each wavelength. 
The diffusion length is obtained from the plot of the light intensity ver
sus the reciprocal absorption coefficient ( I / O ) . 

Schottky barriers of thin chromium layers or tin-oxide layers were 
used as the transparent rectifying contact for the SPV measurements. 
In addition to applications such as large area electron devices [l], Schot
tky barrier diodes made of a-Si:H are important tools in studying the 
electrical and photoelectrical properties of a-Si:H. The barrier parame
ters of the diodes (ideality factor and barrier height) have been used to 
measure the properties of a-Si:H [2,3,4,5]. Schottky barrier diodes have 
also been used to measure the density of states in the gap of a-Si:H 
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through capacitance-voltage measurements. 
In section 4.2 the method used to obtain the diffusion length is 

described in detail. In subsection 4.2.1 the differential equations (the 
current-density and continuity equations) are solved for the case of 
a~Si:H, and it is shown that the ambipolar diffusion length, instead of 
the minority carrier diffusion length, is obtained since the hole and elec
tron densities are of the same order of magnitude. In subsection 4.2.2 
an extension of the method is presented for the diffusion length mea
surement of thin layers. This extended method takes into account the 
effect of the reflection of light at the back contact in thin layers and the 
effect of a finite bandwidth of the monochromatic light [6]. 

The experimental setup for the diffusion length measurements is 
described in section 4.3. 

In section 4.4 the results of SPV measurements on thin devices are 
shown. These measurements are analyzed with the extended method 
described in subsection 4.2.2. 

In section 4.5 the effect of the substrate on the diffusion length and 
on the quality of the diode is studied. The properties of the material 
close to the substrate can differ substantially from the properties of the 
bulk of the material. This can be caused by the deposition process itself 
as hcLS been shown by ellipsometry [7] or by diffusion of impurities from 
the substrate [8]. To study these effects diodes were made with the 
Schottky barrier at the substrate/a-Si:H interface. We used current-
voltage [I-V) measurements to obtain the ideality factor and used the 
SPV technique to obtain the diffusion length. The diffusion length as 
determined by the SPV technique measures the material close to the 
substrate (with a characteristic distance equal to the diffusion length). 
But the SPV technique is much less sensitive to interface states com
pared to the parameters of the Schottky barrier (as obtained from I-V 
measurements). By comparing the diodes on tin-oxide and chromium 
coated substrates we tried to measure the influence of the diffusion of 
tin [9] on the current-voltage characteristics and on the diffusion length. 
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4.2 Theory of Surface Photovoltage Mea
surements 

4.2.1 Solving the Differential Equations 

The Surface Photovoltage (SPV) technique uses light generation to 
measure the minority carrier diffusion length. The principle of the 
technique is that minority carriers are generated in the bulk of the 
semiconductor and diffuse to the collecting surface, which results in a 
surface photovoltage. 

The SPV technique was invented by Goodman who used it to obtain 
the minority carrier diffusion length [10]. The method is based on the 
following diffusion equation for n-type material: 

R 
d'^Ap Ap 

^ al — cex 
ph = 0, (4.1) 

where alphe~"^ is the light generation term with a as the absorption 
coefficient, Iph as the photon flux, and x as the distance from the sur
face. Dp is the hole diffusion coefficient, Tp is the hole lifetime, and 
Ap{x) (= p[x) — po) is the excess hole concentration with PQ as the equi
librium hole concentration. 

The solution of this equation is of the form (with the condition 
Ap -^ 0 when x —̂  oo ) 

Ap = Ae-""^^" -h 
CtTphT] — ax 

1 - Lla^ 
(4.2) 

where Lp is the minority carrier diffusion length defined by Lp = 
and 4 is a constant tha t depends on the boundary conditions, 
boundary condition at the surface [x = 0) is 

DpTp, 

The 

SpAp= D, 
dAp 

~d^ 
(4.3) 

where Sp is the hole surface recombination velocity, 
following result for A and Ap(0); 

This gives the 

A = -
G^hhT, 

1 - Lla^ 
Sp + aPp 

Sp + Dp/L 
(4.4) 



\ 

56 CHAPTER 4. D I F F U S I O N L E N G T H M E A S U R E M E N T S 4 . 2 . THEORY OF SURFACE P H O T O V O L T A G E MEASUREMENTS 57 

h 

iii 

X 
3 

o 
• 4 - ' 

O 

o. 

1/a (Mm) 
Figure 4.1: The graphic method of obtaining the diffusion length. The intercept 
of the straight line on the negative 1/a axix yields the diffusion length. 

a n d 

Ap(0) = 
a Ph 

a + l/Xp Sp-\-Dp/L^ 
(4.5) 

It is assumed that the surface photovoltage (A7) is a monotonie 
function of Ap(0). If AV is fixed in the experiment, then Ap{0) will 
also be fixed. We can rewrite equation 4.5 to obtain the photon flux in 
the situation of a constant photovoltage (i.e., a constant Ap(0)): 

^ph = constant (1 / a + Lp) . (4.6) 

Thus if the photon flux, required to keep the photovoltage constant at 
each wavelength, is plotted versus l / a , then the result will be a straight 
line whose intercept on the negative l / a axis yields the minority carrier 
diffusion length Lp. This graphic method is illustrated in figure 4.1. 

The SPV technique is often used to determine the diffusion length in 
a-Si:H [11,12,13]. In the articles by McElheny et al. the use of the SPV 
technique to measure the diffusion length of a-Si:H is disputed [l4,15]. 
They showed by computer simulation that the hole drift current and 
the hole diffusion current are of the same order of magnitude. We will 
show that the SPV technique in the case of a-Si:H gives the ambipolar 
diffusion length which consists of the mobility and lifetime of both holes 
and electrons. In this case the drift current is not negligible. 

In the case of intrinsic a-Si:H the generated carrier concentration 
exceeds the thermal equilibrium concentration. We cannot use the dif
fusion equation 4.1, because the holes cannot be considered as minority 
carriers. We will use the following equation 

kT f^if^i d' 

g \fi>t-\-ßipt 
Pt 

nt 

dx 
-\-nt 

d'pt 
dx^ 

-C7 + a L , e - ^ ^ = 0 , (4.7) 

where U is the recombination, pt is the total hole concentration, Ut is 
the total electron concentration, ß^ and //^ are the hole and electron 
drift mobilities, respectively. The total hole concentration is the hole 
concentration in the extended states Pe and the hole concentration in 
the valence band tail p^t- The total electron concentration is defined 
in a similar way, but here the electrons are trapped in the conduction 
band tail. The total electron concentration and total hole concentration 

are 

Hi = Hg + rict and Pt = Pe-\- Pvt • (4.8) 

The drift mobilities are defined as 

fit 
and ß„ = 

Pc t 
—Mp, 
Vi 

(4.9) 

where ß\, and ß\ are the extended states mobilities of electrons and 
holes, respectively. Because the tail states are in thermal equilibrium 
with the extended states, the drift mobilities can be regarded as con
stants. 
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Equation 4.7 can be derived from the current-density equations 

Jn = qv^intE ^ kTiii 
dn t 
dx ' 

(4.10) 

-^P = Qß^PtS kT^t ^ '̂ 
dx ' 

(4.11) 

and the continuity equation 

l d J „ IdJ. n 

q dx q dx 
=-al — dX 

ph ~U (4.12) 

In these equations is S the electric field. The following equation is 
obtained by eliminating the electric field from equations 4.10 and 4.11: 

dPt T d r ,rr,dPtd^'^t 
Jji - fJ-n^p = kTß. 

nt '^m dx 
, 1 T- d d ^Pt 

rtr~p dx 
(4.13) 

If we assume charge neutrality in the bulk then pt = rit. Equation 4.7 
can now be derived by differentiating equation 4.13 to x {pt/rit is a 
constant) and substituting dJp/dx and dJ^/dx using equation 4.12. 

Equation 4.7 can be rewritten in the following form using pi — rit 

kT <!4 
d A ,,d 

d^ 

ßi-^ßij dx^ 
-U + al — otx phG — = 0 . (4.14) 

For the recombination we will use the Shockley-Read-Hall equation 

ntTp + PtTn 
Pt 

O H ^ 

7-p + 7-„ ' 
(4.15) 

where we have used ptUt ^ n^, and nt = pt-
The solution of equation 4.14 is 

P ( -Ae~^ /^ ' ^ + oclphi Tp + r„) 

1 - LW 
(4.16) 

where Ld is the so-called ambipolar diffusion length given by 

\ 

kT 
d J ,,d 

Q VMn + Ai 
( Tp + Tn) • (4.17) 

This expression for the ambipolar diffusion length was also obtained 
by Moore in a different way [11,12]. He used an equation obtained 
by Rothwarf and Boer [16] for the case of a constant electric field and 
assumed this field to be equal to zero. However, the assumption that 
the electric field is equal to zero is not correct as will be shown later on. 
We have not used this assumption, but we have eliminated the electric 
field from equations 4.11 and 4.10. 

With the solution for the hole concentration of equation 4.16 it is 
possible to obtain the hole drift current and the hole diffusion current. 
The hole diffusion current density is given by 

dx t - -^< ( A 

^ 1 - cc-^Ll 

X (4.18) 

and the hole drift current density is given by 

J drift 
= <i 

I d J, drift 

dx 
dx (4.19a) 

1 dJf^ 
G-U ^ 

q dx 
dx (4.19b) 

qLl-kT^tirp + Tr,) f A „ 

To-\- Tn L. 
^/Ld _|_ a'lpni Tp + T-n) — ax 

1 - a'Ll 
(4.19c) 

It is clear that the drift component cannot be neglected in all Ccises. The 
approximation ßi > /̂ ^ gives the result that J^''^^ = J^'^. This result 
has also been obtained by McEIheny et al. who used /i^ = lOcm^/Vs 
and fj,^ = I cm^/Vs . This drift current assists the diffusion current 
and increases the measured diffusion length. If ßf^ = ß^, we obtain 
jdrift ^ 0. 

If the electric field in equation 4.11 is assumed to be zero, the fol
lowing diffusion equation is obtained by differentiating equation 4.11 to 
X and by substituting dJp/dx of equation 4.12 

kTß 
" dx^ 

Pt 

{r, + rJ 
-\-al — ax 

ph = 0 . (4.20) 

In this case the diffusion length is 

L,= ßti^P + r^) (4.21) 
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Figure 4.2: The electric field 
Ld = 0.4/2m. /i^ = IcmVVs. a = l / i m - \ Sp = lO'cm/s. and T ^ 300 K. 

The ambipolar diffusion length for /i^ » fj,'^ is obtained from equa
tion 4.17 and is 

LA = pyTp + r„) . (4.22) 

Clearly the measured diffusion length is increased by a factor ^/2 com
pared to the situation with only diffusion. 

The assumption that the hole concentration equals the electron con
centration in the bulk ha^ to be verified. It can be seen from the Poisson 
equation that the electric field has to be a constant when pt — ^ j . This 
is true for ß^ = ß^ in which case the drift current equals zero as can be 
obtained from equation 4.19, so the electric field is a constant equal to 
zero. When ^^ = /x^ the ambipolar diffusion length is given by equation 
4.21. 

For ß^ > ß^ the electric field is not a constant. This can be seen 
from equations 4.16 and 4.19, because when /̂ "f*̂  is divided by pi we 
obtain qß'^E which is not a constant. In figure 4.2 the electric field 
is shown CLS a function of x. The electric field is independent of the 
photon flux Iph., so for high light intensity a small mismatch in the hole 

and electron concentration can generate this electric field. In the SPV 
technique high light intensities are used to decrease the width of the 
depletion layer, and this ensures that the condition pt = Ut is approx
imately true. Since the condition pt = rit is only approximately true, 
the measured diffusion length is an averaged value of equations 4.21 
and 4.22. The difference between the two values is about 40%, so the 
SPV technique gives a good estimation of the quality of the material. 

In conclusion, the SPV technique can be used in the case of a-Si:H, 
but gives the ambipolar diffusion length which consists of the mobility 
and lifetime of both holes and electrons. In this case the hole drift 
current is of the same order of magnitude as the hole diffusion current. 
The drift current assists the diffusion current and increases the mea
sured diffusion length by a factor \/2 compared to the situation with 
diffusion alone. The drift current is caused by the difference in mobil
ity between holes and electrons, thus in the case of equal mobilities the 
drift current is negligible. 

4.2.2 Extended Method in the Case of Thin Layers 

In the theory of the previous subsection we have not taken into account 
the width of the space charge region. This is not correct for a-Si:H since 
the diffusion length is of the same order of magnitude as the width of 
the space charge region in this material. The experimental solution 
is to use red bias light of high intensity to reduce the space charge 
width [12]. In the following theoretical analysis the space charge region 
will be incorporated in the analysis. 

The sample is assumed to be one dimensional, divided into the 
space- charge region, 0 < x < ÏV, and the bulk, W < x < d. Accord
ing to the theory of Moore [12] and Reichman [17], in the space-charge 
region holes and electrons flow in response to the local field and to con
centration gradients but there is no recombination. However, there is 
surface recombination when the surface recombination velocity is high, 
and this recombination causes electrons to flow back to the surface and 
lower the photovoltage. In the bulk it is assumed that there is no elec
tric field, carriers flow only by diffusion, and recombination is included. 

The diffusion length is obtained from the photon flux versus the 
absorption coefficient. The formula given by Moore for the photon flux 
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that is needed to keep the photovoltage constant is [12] 

_ constant ( l / a + Ld)(l + VTßilSnFi]Fi 

''' - (IIa + L , ) ( l + VrßilSr,F,]F2 - (1 + Vr^HSr,F,)[F,lcc)e-^^ ' 
(4.23) 

In this equation VT is the thermal voltage kT/q, fif^ is the drift mobility 
of electrons, Sn is the electron surface recombination velocity, and Fi 
and F2 are integrating factors which lead to this result. Equation 4.23 
leads to the following equation for small values of W [W <; L^) 

Iph = constant ( l / a + L^i). (4.24) 

For small values ofW, Fi becomes equal to F2. The condition W <ti L^ 
is obtained in the experiment by using red bias light to reduce the space 
charge width. Equation 4.23 was obtained with the following expression 
for the generation of a sample with an infinite sample thickness 

G{x) = qal^^{l-R)e — ax (4.25) 

where R is the reflection of light from the surface, and x is the position 
in the sample. 

For our model we first consider the current that is collected using 
the approximations mentioned above: 

J(T,^, a) = r G[x] dx + r G{x) et^-^V^" dx . 

The photon flux used to obtain a constant photovoltage is 

(4.26) 

hhH = 
constant 

J{I'ph = constant, a) 
(4.27) 

I 

Equation 4.26 and equation 4.27 can be evaluated using equation 4.25 
for the generation in the case of an infinite sample thickness. We obtain 
for the photon flux 

constant (1 / a + L^) 

""'"^ " {l/a + L,)-{l/a)e-'^ ' 
(4.28) 

This equation is equivalent to equation 4.23 in the case of a negli
gible surface recombination of electrons. For a negligible surface re
combination Sn tends to zero, and the factors ( l + Vr/x^/5'„Fi)Fi and 

(1 -\-VTfJ'i/SnF2)F2 tend to V T / / ^ / S ' „ . Since the latter factor appears 
both in the numerator and denominator the result is equal to equa
tion 4.28. In our experiments we found that the surface recombination 
of electrons can be disregarded, because at short wavelengths there was 
no decrease in the photovoltage which is the case for a high surface 
recombination. If the surface recombination eff'ect is present, it occurs 
at short wavelengths when the generation is close to the surface due to 
the high absorption. 

In the CcLse of a finite sample thickness we have to replace the gen
eration given by equation 4.25 with the following equation 

G(x) = Go{x) 
no 

t 
l + r^e-^'^t'-^' 

1 - TiTiC I ^-liSd 
(4.29a) 

G(i[x) = ga/p/.e 

ni — iki 

— ax 

Ä = 27r 
A 

(4.29b) 

(4.29c) 

where no, fii and 112 are the refractive indices, r[,r2 and ti are the Fresnel 
coefficients, A is the wavelength, and ki is the extinction coefficient. 
The indices refer to the notation used by Heavens [18] and the optical 
system that is depicted in figure 4.3. 

To obtain the diffusion length it is no longer possible to use the 
simple graphic method based on equation 4.6. We used equations 4.26, 
4.27, and 4.29 to calculate the curve of Ip}^ versus A and adjusted L^ to 
obtain the best fit to the experimental photon flux. 

In section 4.4 measurements of devices of 0.568 ^ m thick are an
alyzed using this extended method. The fabrication of the devices is 
described in chapter 2. 

4.3 Experimental Setup 

The experimental apparatus for the SPV measurements is schematically 
depicted in figure 4.4. One halogen lamp gives the probe light, the other 
lamp is used for the red bias light to reduce the space charge width. 
The probe light passes a chopper and a filter wheel that contains 8 band 
filters. The band filters are ORIEL narrow band interference filters 

u . 

- 1 - J ' ^ 
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Figure 4.3: The optical system that was used to calculate the generation. The 
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f Figure 4.4: Experimental apparatus for the Surface Photovoltage measurements 

with a bandwidth at half maximum of 10 nm and with a maximum 
transmission for the wavelengths: 520, 540, 560, 580, 600, 620, 640, 
and 660 nm. The probe light is focussed at the fiber bundle that is 
split up into two bundles, one goes to an EG&G HUV UOOBQ silicon 
photodiode, the other goes to the sample. The red bias light is obtained 
by filtering the light of the halogen lamp with an ORIEL 51540 low 
pass transmission filter (transparent for long wavelengths) with a 50% 
transnnission at 695 nm. 

The generated photovoltage is measured by a PAR model 126 lock-in 
amplifier. The measurement frequency was 20 Hz which is determined 
by the chopper that generates a reference signal used by the lock-in 
amplifier to lock its internal reference frequency. The output of the 
lock-in amplifier, which is proportional to the surface photovoltage, 
was monitored by an external digital voltmeter. 

We used the following procedure to measure the diffusion length. 
The surface photovoltage was held constant by adjusting the lamp volt
age. Both the lamp voltage and the band filters were changed manu
ally. The photon flux WCLS obtained from the silicon photodetector 
which gave a voltage proportional to the photon flux in this wavelength 
region. The absorption coefficient a and the layer thickness d were ob
tained from the optical reflection and transmission of samples deposited 
in the same run on an uncoated Corning 7059 glass substrate. The dif
fusion length was obtained from the plot of the photon flux Iph versus 

(1 /« ) . 
This procedure WELS repeated for several intensities of red bias light 

until the diffusion length did not change after an increase of intensity. 
The short-circuit current J^^ of the sample under bias light illumination 
was measured by an HP 4145B Parameter Analyzer. The I^c was used 
to control the increase of bias light intensity, and the procedure we used 
was to increase the intensity so that the I^c doubled and to repeat the 
diffusion length measurement. 

4.4 Results in the Case of Thin Layers 

In this section two experimental methods to obtain the photon flux as 
a function of the wavelength were used. In the first method we used 
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Figure 4.5: The "Goodman" plot of the measured photon flux versus the reclp 

rocal absorption of the a-Si:H. 

a monochromator to obtain monochromatic light in the wavelength 
region between 550 nm and 640 nm. The short-circuit current was 
held constant by adjusting the photon flux. In the second method we 
used a set of interference filters with wavelengths of 520, 560, 600, 620, 
and 640 nm with a bandwidth of 10 nm. In this measurement the 
photovoltage was held constant by adjusting the photon flux. 

The photon flux versus the reciprocal absorption is shown in fig
ure 4.5. These values were obtained by keeping the short-circuit current 
constant while changing the wavelength of the light. The interference 
effects caused by the reflection from the back contact can be easily seen. 
In figure 4.6 the calculated generation is shown as a function of position 
in the layer for a wavelength of 590 nm and a wavelength of 610 nm. 
The shift in the position of the peaks causes the interference effects in 
the photon flux. We used equations 4.26, 4.27, and 4.29 to calculate the 
photon flux. As can be seen from figure 4.7 the calculated curve for a 

2.5 

> 2.0 -

O 

o 1.5 h 

C 

en 1.0 -

0.5 

0.0 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 

depth (A^m) 
Figure 4.6: Calculated generation as a function of position in the a-Si:H layer. 

The solid curve corresponds to a wavelength of 590 nm, the dashed curve to a 

wavelength of 610 nm. 

diffusion length of 0.12 /^m and a space-charge width of 0.19 ßva agrees 
well with the measured curve. However, there are many combinations 
of a diffusion length and a space charge width that give a good fit to 
the measured curve. For example, a space charge width of 0.16//m and 
a diffusion length of 0.15 ^ m also give a good fit. Therefore, red bias 
light was used, as suggested by Moore [12], to reduce the space charge 
width. 

To obtain a sufficient intensity of the probe light in the case of bias 
light, a set of interference filters was used with a bandwidth of 10 nm 
instead of a monochromator. The bandwidth was taken into account 
by adding the calculated generation of several wavelengths within the 
bandwidth. This is an advantage of our method over that of Moore 
since it is not possible to account for a deviation from monochromatic 
light in equation 4.23. 



68 CHAPTER 4. DIFFUSION LENGTH MEASUREMENTS 

2.5 

2.0 h 

4 

a 

X 

1.5 h 

o 
Q. 

1.0 h 

0.5 h 

0.0 

3.0 

2.5 h 

n 2.0 h 
a 

X 

1.5 h 

o 
o 
• ^ 1.0 

0.5 H 

0.0 

wavelength (nm) 

500 550 600 

wavelength (nm) 

Figure 4.7: Comparison of the 

calculated photon flux (dashed 

line) wi th the measured photon 

flux (solid line). The calculated 

results were obtained for a dif

fusion length of 0.12 /xm and a 

space charge width of 0.19 / i m . 

540 560 580 600 620 640 660 

Figure 4.8: Comparison of the 

calculated and measured pho

ton flux for l ight obtained f rom 

narrow band pass f i l ters. The 

calculated data are Indicated by 

closed circles, the experimental 

data by a solid line connect

ing the measured points. The 

calculated results were obtained 

for a diffusion length of 0.12 /zm 

and no space charge w id th . 

650 

4 . 4 . RESULTS IN THE CASE OF THIN LAYERS 69 

Figure 4.8 shows the measured photon flux at a red bias light inten
sity of approximately one sun compared to simulation using a diffusion 
length of 0.12 ^ m and a negligible space-charge width. As can be seen 
from the figure, the measured points and the calculated points corre
spond accurately. 

In conclusion, we have presented a new method for the analysis of 
Surface Photovoltage measurements. It takes into account the effect of 
the reflection from the back contact in thin layers and the effect of a 
finite bandwidth of the used interference filters. We showed theoreti
cally that in the region where these effects are negligible this method is 
equivalent to Goodman and Moore's standard method. We also com
pared the model with experiments and found that it agrees well with 
the measurements and that it can be used to obtain the diffusion length 
of a-Si;H in thin layers. 

I! 
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4.5 Schottky Barriers at the Substrate In
terface 

In this section the effect of the substrate on the diffusion length and 
on the quality of the diode is studied. The properties of the material 
close to the substrate can differ substantially from the properties of 
the bulk of the niaterial. This can be caused by the deposition process 
itself as has been shown by ellipsometry [7] or by diffusion of impurities 
from the substrate [8]. We made diodes with the Schottky barrier at 
the substrate/a-Si:H interface to study these effects. We used current-
voltage [I-V) measurements to obtain the ideality factor and used the 
SPV technique to obtain the diffusion length. The diffusion length as 
determined by the SPV technique measures the material close to the 
substrate (with a characteristic distance equal to the diffusion length). 
But the SPV technique is much less sensitive to interface states com
pared to the parameters of the Schottky barrier (as obtained from I-V 
measurements). By comparing the diodes on tin-oxide and chromium 
coated substrates we tried to measure the influence of the diffusion of 
tin [9] on the current-voltage characteristics and on the diffusion length. 

4,5.1 Sample Preparat ion 

As substrates we used chromium coated glass and tin-oxide coated glass. 
The thin chromium layers on Corning 7059 glass were made by evap
oration. A thickness of 60 A was used with a transparency of 40% for 
the light used in the SPV technique. For the tin-oxide coated glass 
commercially available coated glass (Corning) with a sheet resistance 
of the tin-oxide layer of 100 H / D was used. \ 

First an intrinsic layer was deposited on the substrates. The thick
ness of the intrinsic layer ranged from 1.5 to 2.5 fim. After the intrinsic 
layer an n-doped layer of 500 Ä was deposited. The samples were then 
removed from the reactor chamber and ohmic contacts were made on 
top by evaporation of chromium and photolithography. Details of the 
fabrication of the a-Si:H layers can be found in chapter 2. 

We did six deposition runs and with three runs we used the shutter 
I 

in the reactor. The shutter was used to shield the substrates from the 
glow discharge plasma during the ignition of the plasma. After 1 minute 
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it was assumed that the plasma had stabilized and the shutter was 

removed. 

4.5.2 Secondary Ion Mass Spectroscopy 

Secondary Ion Mass Spectroscopy (SIMS) was used to measure the 
diffusion of tin into the amorphous silicon layer. The principle of this 
technique is that a sputtermg beam of ions with high energy removes 
the atoms from the surface of the sample layer (this process is called 
sputtering). These atoms (in the form of ions) are detected with a mass 
spectrometer. Because the sputter beam removes the atoms from the 
surface and the layer thickness decreases, the detected ions versus the 
sputter time give a depth profile of the layer. 

In figure 4.9 the contamination of the a-Si:H layer with tin as de
termined by SIMS is shown. It can be seen in the figure that there is a 
tin tail that goes as deep as 700 Ä into the a-Si:H. 
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Figure 4.12: Forward current density divided by [1 - e"^ /̂'*-^] versus voltage for 
a Schottky barrier of amorphous silicon deposited with the use of a shutter on 
a Cr/glass substrate. The solid line is the dark current density, the dashed line 
is the current density with a low intensity bias light of 700 Ä. The slope of the 
straight lines is used to obtain the ideality factor. 

4.5.3 Current-Voltage Measurements 

The J-V characteristics of the diodes on Cr/glass substrates deposited 
with and without the use of a shutter are shown in figure 4.10 and 
figure 4.11. The ideality factor of the diodes was estimated graphically 
using the following equation at low voltages [19] 

J = Jo e^^/"'^ [l - e-^^/*^] , (4.30) 

where JQ is the saturat ion current density. The plot of the log of J/[I — 
g-gV/ATj versus V gave a straight line for voltages as low as 2 mV, the 
ideality factor was obtained from the slope of the plot [19]. 

To reduce the series resistance, tow intensity red light of 700 n m 

4i| 
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Table 4.1: Diode parameters obtained from J-V measurements for the different 
diode types. 

substrate ideality factor J at IV reverse bias 

nA/ mm' 

deposited using a shutter 

Cr/glass 

Sn02/glass 

1.17 

1T5 

8 

0.6 

deposited without a shutter 

(variation caused by different deposition runs) 

Cr/glass 

Cr/glass 

Sn02/glas3 

Sn02/glas3 

1.56 

1.79 

1.76 

2.4 

40 

100 

20 

600 

with uniform absorption throughout the layer was used. The ideality 
factor was obtained at higher voltages from the slope of the plot of the 
log of J versus V. This method gave results comparable with the one 
above. This is illustrated by figure 4.12 where the two methods are 
compared. 

The values of n are listed in table 4.1. The diodes made without 
a shutter have a higher ideality factor and a higher reverse current 
density as can be seen in table 4.1. The values of n and the reverse 
current varied between depositions when no shutter was used. With 
an increasing value of n the reverse characteristic shows a dramatic in
crease in the current. There is no dependence of n on the used subs t ra te 
(i.e. chromium or tin-oxide) for either deposition procedure (with and 
without using a shut ter) . 

The J-V characteristics were measured in the tempera ture interval 
300-360 K. According to the thermionic emission theory the saturat ion 
current density is given by 

Jo^A*Th-*^'^, (4.31) 

where A* is the Richardson constant and (j) is the barrier height. When 
the current is diffusion limited it is given by 

Jo^qßnNJse-^^'^, (4.32) 

where //„ is ^^^ electron mobility, Nc is the effective density of states 
in the conduction band and Ss is the surface electric field in the semi
conductor [20]. 

We used a diode on a Sn02/glass substrate with an ideality factor 
of 1.15. The barrier height for the case of thermionic emission was 
obtained from the slope of the plot of In JQ/T versus l / T . For the case 
of diffusion limited current the barrier height was obtained from the 
slope of the plot of In JQ versus l / T . In this tempera ture interval bo th 
plots gave a straight line and yielded a barrier height of 0.8 eV and 
0.75 eV respectively. The value of 0.8 eV for Sn02 (for the case of 
thermionic emission) is equal to the value reported in li terature when 
the tin-oxide was evaporated on top of the a-Si:H layer [21]. 

1 I 

4.5.4 Surface Photovoltage Measurements 

The diodes were illuminated from the substrate side with monochro
mat ic light, and the light intensity at each wavelength was adjusted to 
give a constant photovoltage. The diffusion length was obtained from, 
the intercept on the l / a axis of the straight line in the plot of Iph versus 
1/a. The values of a and the layer thickness were obtained from the 
reflection and transmission of i-n structures deposited on Corning 7059 
glass substrates in the same run as the corresponding diodes. 

The diffusion length obtained in this way was 0.25 /xm for bo th the 
diodes on Cr/gla^s and on SnOj/glass substrates. The use of a shut
ter did not influence the diffusion length. This diffusion length when 
compared to values in the l i terature is of an average value. A diffusion 
length of 0.8 ^ m has been obtained in excellent material ajid 0.1 /xm 

i 
i^ . 
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or smaller is found in material of inferior quality [22]. Space Charge 
Limited Current measurements done on n-i-n structures deposited un
der the same conditions with the same intrinsic layer thickness show a 
density of states of 3 X 10^^ cm^^eV""-^ and this value indicates good ma
terial. A possible explanation for the moderate diffusion length could 
be our reversed configuration. To our knowledge, this is the first time 
that this method has been used to measure the diffusion length of the 
material near the substrate, the material that is used for solar cells and 
thin film transistors. 

4.5.5 Discussion 

In a Schottky barrier the rectifying behaviour is caused by a poten
tial barrier that arises from stable space charges in the semiconductor. 
These stable space charges can be caused by donor atoms in the semi
conductor or in the case of amorphous silicon by localized states in the 
gap [23]. 

About the origin of the Schottky barrier several models have been 
considered. The classical model suggests that the barrier height reflects 
the difference of the metal work function and the electron affinity of the 
semiconductor. An alternative model is that the band bending is deter
mined by surface states. There is no definite model for crystalline silicon 
or for amorphous silicon. The barrier height depends on the metal work 
function but the unmodified work function model cannot be applied. 
There is, however, evidence that barrier heights of several metals on 
a-Si:H parallel those of crystalline silicon [20]. The J-V characteristics 
are determined by the density of states in the gap of the amorphous sil
icon layer. The states in the gap influence the forward characteristic by 
increasing the recombination current and thereby increasing the ideal
ity factor [24]. The reverse current is increased by these states because 
in this regime they serve as generation centers. When there is a very 
large density of states in the gap, tunnelling through the barrier will 

become an important mechanism and will dom.inate the reverse current 
[25]. 

The SPV measurement is also determined by the density of states 
in the gap because these states determine the lifetime of the carriers 
through recombination. In section 4.2 the following expression for the 
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Figure 4.13; The recombination path for the diode in forward bias, and the 

recombination path in the SPV measurement. 

diffusion length of a-Si:H was obtained 

L,= 
2kT 

^ti^P -\-Tn) (4.33) 

The density of states in the gap determines the lifetimes r^ and r^, and 
thereby L^, 

In the SPV measurement a hole-electron pair is generated far from 
the interface so the recombination takes place outside the space-charge 
region. In the J-V measurements the recombination takes place inside 
the space charge region so the two measurements are determined by 
the density of states in the gap at different places in the intrinsic layer. 
These two recombination paths are illustrated in flgure 4.13. A position 
dependent density of gap states can explain the difference in the J~V 
characteristics for diodes deposited with or without using a shutter 
while the diffusion length is not influenced. 

At the time of the ignition of the plasma a layer with a high density 
of states is deposited. After stabilization of the plcisma, material with 

\ J L 
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a low density of states is deposited and is equal to the niaterial when a 
shut ter was used. This explains the increase of the ideality factor n and 
the reverse current as they are influenced by the states in the gap in 
the space charge region of the intrinsic layer. The SPV measurement is 
not influenced by the ignition of the plasma because outside the space 
charge region the density of states in the gap is equal to the low bulk 
value. The thickness of the region of high density of gap states can be 
est imated from the time for the plasma to stabilize, which is 1 minute , 
and the growth speed, which is 5 Ä / s . These da ta give a thickness in 
the order of 300 A. 

A point of concern in solar cells is the diffusion of tin from the 
t ransparent conductive layer into the intrinsic layer [8]. We used J-V 
and SPV measurements for the diodes on Cr/glass and on Sn02/glass 
substrates. We found no increase in the ideality factor nor a decrease 
in the diffusion length for diodes on Sn02/glass substrates compared 
to the diodes on Cr/glass substrates. This indicates tha t there is no 
increase in the density of gap states near the substrate nor in the bulk. 
Therefore, it must be concluded tha t the tin tail extending 700 A deep 
into the a-Si:H layer does not have a large influence on the density of 
gap states. 

4.6 Conclusions 

The Surface Photovoltage (SPV) Technique measures the ambipolar 
diffusion length of undoped a-Si:H. The ambipolar diffusion length 
consists of the mobility and lifetime of both holes and electrons. Be
cause the electron mobility is much higher than the hole mobility, there 
is an electric field caused by the difference in hole and electron con
centrations. This electric field causes a hole drift current tha t is of the 
same order of magnitude as the hole diffusion current. The drift cur
rent assists the diffusion current and increases the measured diffusion 
length by a factor y/2 compared to the situation with diffusion alone. 

We have demonstrated the use of an extended method to obtain 
the diffusion length from the photon flux Ipf^ versus the absorption 
coefficient a. The method is based on the calculated generation instead 
of on an analytic expression. With this method it is possible to measure 

the diffusion length in thin devices. It is also possible to incorporate 
the bandwidth of the light if the light is not monochromatic [6]. 

The effect of the substrate and the start of the deposition was stud
ied. We showed tha t the ignition of the plasma causes the deposition of 
a defective layer in the order of 300 Ä. The t in tail tha t extended 700 Ä 
into the a-Si:H layer (when Sn02/glass substrates were used) does not 
have a great influence on the density of gap states [26]. 

References 

[l] D.E. Carlson. Recent development in amorphous silicon solar cells. Sol. 
Energy Mat., 3(4):503-518, 1980. 

[2] I. Chen and S. Lee. On the current-voltage characteristics of amorphous 
hydrogenated silicon schottky diodes. J. Appl. Phys., 53(2):1045-1051, 
1982. 

[3] A. Deneuville and M.H. Brodsky. Influence of preparation conditions 
on forward-bias currents of amorphous silicon diodes. J. Appl. Phys.^ 
50(3):1414, 1979. 

[4] L. Mariucci et al. Effects of tunneling on a-Si:H schottky barriers. J. 
Appi Phys., 62(8):3285-3287, 1987. 

Daniel 
diodes. 

Schottky-barrier 
Appl. Phys. Lett., 

[5] C R . Wronski, D.E. Carlson, and R.E. 
characteristics of metal-amorphous-silicon 
29(9):602-605, 1976. 

[6] J.C van den Heuvel, R.C. van Gort, and M.J. Geerts. Diffusion length 
measurements of thin amorphous silicon layers. Solid State Comm., 
69(8):807-810, 1989. 

[7] A.M. Antoine, B. Drevillon, and P. Roca i Cabarrocas. In situ investiga
tion of the growth of rf glow-discharge deposited amorphous germanium 
and silicon films. J. Appl. Phys., 6l(7):2501-2515, 1987. 

[8] M. Kitagawa, K. Mori, S. Isihara, M. Ohno, T. Hirao, Y. Yoshioka, and 
S. Kohiki. Interaction of hydrogenated amorphous silicon films with 
transparent conductive films. J. Appl. Phys., 54(6):3236-3271, 1983. 

[9] A.M. Antoine and B. Drevillon. Influence of the substrate on the early 
stage of the growth of hydrogenated amorphous sificon evidenced by 
kinetic elHpsometry. J. Appl. Phys., 63(2):360-367, 1988. 

1 T 

I I 



M ! 

80 CHAPTER 4 . DIFFUSION LENGTH MEASUREMENTS 

10] A. Goodman. A method for the measurement of short minority carrier 
diffusion lengths in semiconductors. J. Appl. Phys., 32(12):2550-2552, 
1961. 

11] A.R. Moore. Theory and experiment on the surface-photovoltage 
diffusion-length measurement as applied to amorphous silicon. J. Appl. 
Phys., 54(l):222-228. 1983. 

12] A.R. Moore. Semiconductors and Semimetals, chapter 7, pages 239-256. 
Volume 21C, Academic Press, London, 1984. 

13] S.S. Hegedus, H.S. Lin, and A.R. Moore. Light-induced degradation in 
undoped hydrogenated amorphous silicon films studied by the surface 
photovoltage technique: a coniparison of lifetime versus space-charge 
effects. J. Appl. PÄys., 64(3):1215-1219, 1988. 

14] P.J. McElheny, J.K. Arch, and S.J. Fonash. Assessment of the 
surface-photovoltage diffusion-length measurement. Appl. Phys. Lett., 
51(20):1611-1613, 1987. 

15] P.J. McElheny, J.K. Arch, H.S. Lin, and S.J. Fonash. Range of validity 
of the surface-photovoltage diffusion length measurement: a computer 
simulation. J. Appl. Phys., 63(3):1254-1265, 1988. 

16] A. Rothwarf and K.W. Boer. Direct conversion of solar energy through 
photovoltaic cells. Prog. Solid State Chem., 10:71-102, 1975. 

17] J. Reichman. Collection efficiency of low-mobility solar cells. Appl. 
Phys. Lett., 38(4):251-253, 1981. 

18] O.S. Heavens. Optical Properties of Thin Solid Films. Butterworths, 
London,1955. 

19] E.H. Rhoderick. Metal-Semiconductor Contacts, page 87. Clarendon 
Press, Oxford, 1980. 

20] C.R. Wronski and D.E. Carlson. Surface states and barrier heights 
of metal-amorphous silicon schottky barriers. Solid State Comm., 
23(7):421-424, 1977. 

21] N, Brutscher and M. Hoheisel. Schottky diodes with high series resis
tance: a simple method of determining the barrier heights. Solid State 
Electron., 3l( l ) :87-89, 1988. 

22] B. Faughan, A.R. Moore, and R.S. Crandall. Relationship between col
lection length and diffusion length in amorphous silicon. Appl. Phys. 
Lett., 44(6):613-615, 1984. 

REFERENCES 81 

1 • • 

[23] W. Schottky. Halbleitertheorie der Sperrschicht. Naturwissenschaften, 

26:843, 1938. 

[24] E.H. Rhoderick. Metal-Semiconductor Contacts, page 105. Clarendon 

Press, Oxford, 1980. 

[25] E.H. Rhoderick. Metal-Semiconductor Contacts, page 111. Clarendon 

Press, Oxford, 1980. 

[26] J .C. van den Heuvel, R.C. van Oort, M.J. Geerts, B. Bokhorst, and 
J .W. Metselaar. Influence of the defect density of amorphous silicon at 
the substrate interface on the schottky barrier characteristics. In 15th 
International Conference on Defects in Semiconductors, 1988. 

' f 

II 



82 CHAPTER 4. DIFFUSION LENGTH MEASUREMENTS 

M 

M 

I 

Chapter 5 

Space Charge Limited Current 
Measurements 

5.1 Introduction 

The Space Charge Limited Current (SCLC) technique is widely used 
to obtain the density of states in the gap of intrinsic hydrogenated 
amorphous silicon (a-Si:H). The principle of this technique is that a 
device with an injecting contact is used and the opposite contact blocks 
the carriers with opposite polarity. In this case a space charge builds 
up in the intrinsic a-Si:H at voltages above a certain threshold voltage. 
We used n-i-n a-Si:H devices and in this case the space charge consists 
of electrons which are trapped by states in the bandgap [1]. 

The space charge results in a deviation from the linear current-
voltage [I-V) characteristics of the Ohmic regime. A typical I-V curve 
of an n-i-n device is depicted in figure 5.1. Because the space charge 
consists of electrons that are trapped by gap states, the I-V charac
teristics can be used to obtain the density of these gap states. The 
method to obtain the density of gap states from the I-V characteristics 
is described in section 5.2. 

It is believed that in the high electric field regime Poole-Frenkel 
emission could affect the density of gap states measurements [2,3). We 
investigated the relevance of the Poole-Frenkel efi"ect for SCLC measure
ments of n-i-n a-Si:H devices. If an electron is trapped by a positive 
charged defect, then the effective barrier for the electron to escape will 
be lowered by a high electric field [4,5]. This is called the Poole-Frenkel 
(PF) eff"ect. It results in a lower space charge and the calculated density 
of gap states using the standard SCLC theory is too low. We will show 
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Figure 5.1; A typical I-V curve of an n-i-n device 

in section 5.4 that the P F effect is absent in n-i-n a-Si:H devices [6]. 

We measured the current-voltage [I-V] characteristics of n-i-n a-Si:H 
devices with intrinsic layer thicknesses of 0.7, 1.5, and 3.0 p m at temper
atures between 170 K and 340 K. The I-V measurements were analyzed 
using the step-by-step method developed by den Boer [7] to obtain the 
density of gap states. We modified the step-by-step method to obtain 
the density of gap states in the case of PF emission. These two densities 
of gap states were compared. From this comparison we concluded tha t 
the PF effect is absent. 

We also studied the characteristic temperature which is based on the 
concept that the distribution of gap states is exponential. The charac
teristic temperature is obtained from the slope of ln(/) versus ln[V) in 
the SCLC regime. This method requires high electric fields. Because 
of the high fields the measurement of the characteristic temperature is 
very sensitive to the P F effect. No P F effect on the characteristic tem
perature wa^ found, and this confirms the conclusion that the PF effect 

5 .2 . THEORY OF THE S C L C MEASUREMENTS 85 

is absent. 
The density of gap states and the characteristic temperature show a 

large temperature dependence. A computer simulation was developed 
to simulate the I-V curves of n-i-n a-Si:H devices. With the use of these 
simulations it will be shown that the temperature dependence of the 
density of gap states and the characteristic temperature is a result of 
the conduction band tail. 

5.2 Theory of the SCLC Measurements 

5.2.1 The Step-by-Step Method 

In this subsection the step-by-step method is described that will be used 
to obtain the density of gap states from current-voltage measurements. 
This method is valid under the following conditions: 

1. Quasi-equilibrium exists. 

2. Double injection does not occur or is negligible. 

3. Diffusion currents are negligible. 

4. The current is not limited by the ohmic contact. 

5. The effect of the space charge regions near the contact is negligi

ble. 

6. The traps are homogeneously distributed in the layer. 

7. The emission of electrons out of traps does not depend on the 

electric field (thus no PF effect). 

The first five conditions have been examined by Den Boer [7,3] who has 
found that these conditions have been fulfilled for SCLC measurements 

of n-i-n devices. 
There is evidence for an inhomogeneous distribution of gap states 

in the layer (condition 6), especially near the substrate the material 
has more traps than in the bulk of the layer [8,9]. In this section it 
is shown that the injected charge is concentrated near the injecting 
contact. Since we have used the top contact as the injecting contact for 
all our measurements, the injected charge is trapped by the gap states 
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near the contact. In this way the defects near the substrated (opposite 
the top contact) cannot disturb the measurements. 

The last condition will be examined in section 5.4. In that section 
the Poole-Frenkel (PF) effect, which is the increase of the emission rate 
of electrons from positive traps under the influence of an electric field 
[5], is investigated. It will be shown in section 5.4 that the P F effect is 
absent in a-Si:H devices, thus the last condition is also valid for a-Si:H. 

We will now describe the step-by-step method developed by Den Boer 
[3,7] that is used to obtain the density of gap states. The principle of 
this technique is that the shift in the Fermi level and the increase of 
the space charge can be calculated from the increase of the current af
ter a step in the voltage. When the shift in the Fermi level and the 
increcLse of the space charge is known, then the average density of gap 
states between the initial and shifted Fermi level can be calculated. It 
is called the step-by-step method, because the average density of gap 
states is calculated after each voltage step and the Fermi level is traced 
by adding the shift in the Fermi level to the equilibrium Fermi level 
that is obtained by activation energy measurements. 

The shift in the Fermi level between two current-volt age points 
ih^Vi) and (ƒ2,Vs) is given by 

AEj^ = kT In 
J1V2 

- ^I2 - ^f (5.1) 

This expression is derived from the electron density in the extended 
states 

n,-AT.ef^/- '^^)/^^, (5.2) 

and the current density 

J 
V 

9ßn^e~^^ (5.3) 

where ^^ is the electron mobility in the extended states and d is the 
thickness of the intrinsic layer. 

The localized charge injected per unit area can be expressed approx
imately cLS 

(5.4) 
Kf 

Qi = -~iV2-v,), 

where ê  is the static dielectric constant, and K is a constant that ac
counts for the nonuniformity of the space charge. For a uniform distri
bution of the space charge K = 1, and if the space charge is concentrated 
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at the injecting contact /c ^ 2. We will use /c = 2 for the analysis of 
the I-V measurements. Qi can be related to the average density of gap 

states Qi by 
Q,:=-qdAEf^g,. (5.5) 

Combining equations 5.4 and 5.5 gives the average density of gap states 
for the first interval: 

/ce 
ffi qd-^AEf, 

{V2 - V,) , (5.6a) 

where 

AE fi kT\n I2V1 

/1V2 
(5.6b) 

When the voltage is increased in a step-like manner the shift of the 
Fermi level at every step and the average density of gap states can be 
obtained from equation 5.6. In this way g{E) can be calculated in a 
step-by-step process. 

5.2.2 Error Estimation of the SCLC Analysis 

In the derivation of equation 5.6, which is the basis of the step-by-step 
method the following approximations are used: 

1. The space charge is distributed homogeneously in the layer. 

2. The electric field is uniform in the film. 

3. The Fermi-Dirac distribution is a step function. 

The first two approximations are contradictory and this introduces an 
error in the density of gap states of a factor of two at the most. This 
effect is incorporated in the factor K in equation 5.6a that takes a value 
between 1 and 2. 

The eff'ect of the first two approximations can be estimated with 
the use of an exponential distribution of gap states. The exponential 
distribution gives a good approximation for the density of gap states 
near the Fermi level for a-Si:H, and there is an analytic solution for 
the current as a function of the voltage. The analytic solution does not 
use the assumptions 1 and 2, but solves the Poisson equation and the 

! 
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continuity equation [10]. We will use the analytic solution to estimate 
the value of K. The expression for the exponential distribution is 

9iE) = 
^ ^{E-E,)/kT, 

kT, 
(5.7) 

where Nt is a constant, E^ is the conduction band edge, and T^ is the so-
called characteristic temperature. The current-voltage characteristics 
can be obtained by using equation 5.4 and 5.5 for the charge per unit 
area and assuming that this charge is completely trapped 

Qi = -
KC 

{V2 - Vi) = -qd f^' 
kT. 

{E~E,)/kT, ^^ ^ (5.8) 

If we combine equation 5.8 with the following equation for the current 
density 

J = 9 / .^ iV,e(^ ' -^ ' )A^^, (5.9) 

we obtain the following equation for the current density 

J = gfi^^N, 
Ke 8 V / + i 

qNt / d2€+i ' 
(5.10) 

where the exponent t is equal to T^jT. The analytic solution is [10] 

J - ^M ÂT, 
te 

qN,{e^l) 
2t+ 1 
TTT 

/ + i 

(5.11) 

When the two solutions are compared, we find for the factor K the 
following equation: 

/c ' = 
^ ' 2 ^ + 1^'+^ 

£ + 1 / \ £ + 1 
(5.12) 

This means that i = T^/T = 3, which is a typical value for a-Si:H 
[11,12], gives K = 1.58. If the space charge is uniformly distributed 
then K — 1, and /c — 2 if the space charge is concentrated near the 
injecting contact. The value of 1.58 for K shows that the space charge 
is concentrated near the injecting contact. Since we use the top contact 
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as the injecting contact, we measure the density of gap states of the 
top of the layer. 

We will use K. = 2 for the analysis of the current-voltage measure
ments, and this means that the correction in the density of gap states 
for the nonuniformity of the space charge is at most a 25 % reduction 
of the measured density of gap states. 

The analytic solution of equation 5.11 and the solution of equa
tion 5.10 were obtained with the approximation that the Fermi-Dirac 
distribution is a step function. The error introduced by considering the 
Fermi-Dirac distribution as a step function can be evaluated with the 
use of the exponential distribution of gap states and the Sommerfeld 
expansion [13]. The Sommerfeld expansion is used to calculate integrals 
of the form 

oo 

—oo 
g[E)f{E)dE, ƒ t-^) - ^[E-Ej)lkT ^ 3̂  ' (5.13) 

where g{E) is the density of gap states and f[E) is the Fermi-Dirac 
distribution. This integral can be expanded to 

j ^ g[E)f(E) dE = j_ g{E) dE+Y. '^^kT^z^w^diE) 
— OO n^X dE E=E 

where the ün are dimensionless numbers given by 
(5.14) 

OO 

ßn = 2 x : ( -1) 
k+l 

•2n 
(5.15) 

it^i 

The first order expansion is given by 

oo 

—oo 
g[E)f[E) dE f^^ 

E} 

— OO 

g[E) dE + "^[kTf ^g{E) 
E^Ef 

(5.16) 

The first term of this expansion is the integral with a step function for 
the Fermi-Dirac distribution, while the second term gives the correction 
to this approximation. When the first order Sommerfeld expansion is 

.11 
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applied to the exponential distribution of gap states, we have 

oo 

— oo 

K 

kT. ̂ e(^-^^)/^^V(^) dE r^-^ 

Nt 

kT, 
r' ef̂ -̂ V̂̂ ^̂  dE + 

J —Cid 

Nt TT' 

c •' - 0 0 kT, 6 
[kT] 

d 

dE 
{E-Ec]jkT, 

E^E 

= N^e^E,-E^)/kT. L ^ TT 
(5.17) 

When £ = Tc/T = 3 is substi tuted in equation 5.17, the correction for 
the deviation from a step function is found. This correction is 20% for 
£ = 3 which means tha t the space charge and the density of gap states 
is about 20% lower than measured with the step-by-step method. 

The two corrections of 25% and 20% result in a correction in the 
density of gap states of 40% at the most. 

5.2.3 The Poole-Frenkel Correction 

In this subsection a correction of the step-by-step method is presented 
tha t takes into account the Poole-Frenkel (PF) effect. This P F effect is 
the increase of the emission rate of electrons from positive t raps under 
the influence of an electric field [5]. 

In figure 5.2 the potential energy of an electron in the electric field 
of a positive defect is depicted. The potential energy is 

U{r) = 
47re 

(5.18) 

where q is the elementary charge, Cs is the static dielectric constant of 
the semiconductor, and r is the distance between the electron and the 
defect. When an electric field £ is applied the potential energy is given 
by 

U{r) = 
4:7ves\r 

q£r. (5.19) 

This electric field results in the lowering of the effective barrier for the 
electron to escape [5]. The effective barrier is lowered by an amount 

AU = 
47re m 

- q£r^^ q = ß,fV£, (5.20) 

1 
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Figure 5.2: The potential energy of an electron as a function of the distance 
between the electron and a positive defect. The solid line is without an external 
field, the dashed line is with an external field. 

where ßpf is called the Poole-Frenkel constant 

ßpf = ̂  
TY€ 

(5.21) 

and Tm is the distance between the electron and the defect where the 
maximum in the potential energy is obtained for r > 0. 

The probability tha t an electron is emitted from a t rap by thermal 
excitation is increased by a factor exp(AÏ7/A:T). This factor was used 
by Frenkel [5] to obtain the following equation for the conductivity: 

(7 (Joe ßpf^jkT (5.22) 

In the literature, equations like equation 5.22 have been used to 
analyze the current-voltage characteristic [14,15,16,17]. We will not do 
this , but instead we will use equation 5.20 to obtain the lowering of the 
barrier and use this to modify the step-by-step method of equation 5.6. 
This is a more general method than equation 5.22. The modified step-
by-step method will be used to obtain the correct density of gap states in 
the case of positive defects. The lowering of the barrier for the electron 
to escape from a positive defect results in the rise of the energy level of 

't_ 
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M 

the defect in respect to the conduction band edge. We have to rewrite 
equation 5.6 to account for the rise in energy level: 

/ce 
9i = qd'{AE^,^AE,f) 

{V2 - V,) , (5.23a) 

where 

AEf^ - ArTlnf-^ 
hVi 

V,' ' 
(5.23b) 

and 

AE,f = ß,fV£ = ßpf\l^ • (5.23c) 

This equation can be used to obtain g{E) from the J-V characteristics 
when the gap states are positive defects. 

The current-voltage characteristics in the case of an exponential 
distribution can be derived in the same way as equation 5.10. The 
charge per unit area is 

K€ 
Qi = —f{V2-v,) = (5.24) 

Efi-ßr<!y/y^ß 

Following the same method as for equation 5.10, we obtain for the 
current density 

J ^ g^^TV, ßpf^/{yi<^)i^T ^ (5.25) 

The characteristic temperature is obtained from the slope of ln(J) ver
sus ln(K) 

Tl ^ d ln ( J ) ^^^T, , ßpf^d 
d\n(V) 2kT 

(5.26) 

The last term is the deviation of the measured characteristic tempera
ture Tl from the real characteristic temperature Tc caused by the P F ef
fect. 

5.3 Experiment 

For the current-voltage measurements we used n-i-n sandwich struc
tures. Mono-silicon wafers, 0.5 m m thick with an evaporated chromium 
top layer, were used as substrates. We used the following thicknesses for 
the intrinsic layers: 0.7, 1.5, and 3.0 ^m. The thickness was determined 
by weighing and by optical reflection and transmission measurements. 
The thickness of the n-layers was in all cases 0.05/im. The deposition 
was done under the standard conditions as described in chapter 2. 

The current-voltage characteristics were measured in the tempera
ture interval between 170 K and 340 K. We measured up to a maximum 
electric field of 10^ V/cm. The breakdown field was approximately the 
same for all devices and was 3 x 10^ V/cm. 

The deviation from a linear I-V characteristics can in certain cases 
be caused by ordinary Joule heating of the device due to the high cur
rents [18] (and be mistaken for a space charge limited current). We 
found a maximum current-density of lOA/cm^, and a maximum volt
age of 10 V for the 1.5 /xm thick device with a dot area of 0.25 mm^. The 
increase in temperature depends on the applied power (100 W/cm^), on 
the thickness of the wafer (5 x 10""^ cm), and on the thermal conductivity 
of silicon ( l . 5 W / K c m ) . This gives a worst case temperature increase 
of 3 K, so Joule heating can be neglected in our measurements. 

5.4 Investigation of the Poole-Frenkel Ef
fect 

The scaling law is a universal law for SCLC measurements [l]. We 
used this scaling law to verify that the deviation from a linear I-V 
characteristics can be attributed to a bulk SCLC mechanism [1,2]. The 
scaling law gives the following relation between the layer thickness and 
the critical voltage [19] 

^' (5.27) 
d? 

= constant. 

The critical voltage (Vc) is defined as the transition voltage from an 
Ohmic to an SCL current. We obtained this transition voltage from 
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Table 5.1: The relation between the layer thickness and the critical voltage 

layer thickness (/im) 0.7 1.5 3.0 

critical voltage (V) 0.19 1.3 6.0 

K / ^ (V//.m2) 0.39 0.58 0.67 

a linear extrapolation of the Ohmic and the SCL current. The inter
section point of the two lines in the ln(/) versus ln(F) plot gives the 
critical voltage. As can be seen in table 5.1, there is a deviation from 
this relation for the sample with a thickness of 0.7 ßra. We believe this 
to be caused by the difficulty of obtaining Vc accurately, and the fact 
that the space charge regions in the intrinsic layer cannot be neglected 
in thin samples. The values for d = 1.5/im and d = 3.0/im confirm a 
true SCLC current-voltage characteristics. 

We used equation 5.6 (the step-by-step method) to obtain the den
sity of gap states. Figure 5.3a shows the density of gap states measured 
at different temperatures using an n-i-n device with an i-layer thickness 
of 1.5/im. Using equation 5.23 we obtain the density of gap states in 
the case of P F emission. The results of this analysis are shown in fig
ure 5.3b. When the figures 5.3a and 5.3b are compared it can be seen 
that the PF effect results in a higher density of gap states compared to 
figure 5.3a, which was expected. It can also be seen that the density of 
gap states curve increases rapidly in figure 5.3b, and that this rapid in
crease shifts with the temperature. We believe that this rapid increase 
in the DOS is not realistic but the result of the analysis and that it is 
a compensation in the DOS for the incorporation of the P F effect. The 
extrapolation of the density of gap states to E^ would give nonrealistic 
values of g{Ec) for figure 5.3b. Therefore, we conclude that there is no 
PF effect, so the gap states in a-Si:H are predominantly neutral when 
empty. The temperature dependence of the density of gap states will 
be discussed in the next section. 

We also examined the characteristic temperature, because this value 
is obtained at high fields and is very sensitive to the P F effect. The 
characteristic temperature [Tc) was obtained from the slope of the ln(7) 
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Figure 5.3: The density of gap states distribution that was obtained from 

I-V measurements: (a) with the use of the step-by-step method (b) using the 

step-by-step method that has been corrected for the PF effect. 

versus ln(F) plot in the SCLC regime using the following equation 

ln(/) = [TJT -\- 1) \n{V) + constant , (5.28) 

which can be obtained from equation 5.10. This means that a steep 
slope in the plot of ln(/) versus \n{V) gives a high T^, while in the plot 
of the gap states distribution versus E a steep slope means a low Tc. 
All the ln(7) versus ln(V) plots gave a straight line in the SCLC regime. 
Figure 5.4 shows Tc for the different layer thicknesses and temperatures, 
and it is clear from the figure that T^ falls in a wide range from 300 to 
1300 K as was already reported by Furukawa et al. [19]. The PF ef
fect on an exponential distribution is described by equation 5.26, and 
it shows that T^ should increase with increasing electric field. Equa
tion 5.26 also shows that T^ should be independent of the temperature. 
The dependence of T^ on the layer thickness cannot be explained by an 
increase of the electric field since all devices have been measured up to a 
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maximum field of 10^ V/cm at 220 K (at higher temperatures the max
imum current limits the maximum field). Therefore, the temperature 
dependence of Tc and the increase of T^ with increasing layer thickness 
cannot be explained by a PF eff"ect. The temperature dependence of Tc 
will be further discussed in the next section together with the increase 
of Tc with increasing layer thickness. 

Our conclusion that there is no PF effect in a-Si:H devices can also 
be based on the current models for the gap states distribution of a-
Si:H. There are two models for the gap states in a-Si:H that are often 
used [20]. One model supposes that the states in the middle of the gap 
originate from band tails of localized states (this is the CFO model, see 
chapter 1). Those derived from the conduction band are neutral when 
empty and those from the valence band are neutral when full. The 
states that originate from the conduction band are the ones that are 
filled in the SCLC measurements. The other model regards dangling 
bonds as the defects that cause the states in the middle of the gap (this 
is the model of Mott, see chapter 1). These dangling bonds are con
sidered to be neutral with an unpaired spin, and they become negative 

when they are filled in the SCLC measurements. Li both these models 
there are no P F defects that have a positive charge before trapping an 
electron. The PF emission can only occur when an electron is trapped 
by a positive defect. 

5.5 Temperature Dependence 

5.5.1 The Influence of Traps 

It can be seen in figure 5.3 that the density of gap states measured 
by the step-by-step method depends on the temperature. The appar
ent characteristic temperature also changes with temperature as can 
be seen in figure 5.4. Since there is no reason to expect a temperature 
dependent density of gap states, we will analyze this temperature de
pendence of the SCLC method with a temperature independent density 
of gap states. 

These temperature eff'ects can be explained by discrete t rap levels in 
the energy band since their charge state depends strongly on tempera
ture. We consider first a single trap level. Since equilibrium is assumed 
the emission rate and the capture rate must be equal 

1^0 N-e^^'-^^y'^ = a.van.N^ , (5.29) 

where I/Q is the release rate, Et the trap energy level, at the capture 
cross section of the trap, Vih. the carrier thermal velocity, and N^ and 
7V(~ are the empty and filled trap densities, respectively. The space 
charge due to these traps is 

Qt = -qNt- = -q 
OtVthn^Nt 

VQ e(-E<-£;<:)/Ar -|- GtVthTle ' 
(5.30) 

where the total trap density is used, which is defined by Nt = N^-{-N^. 
Since ot, vth, and I/Q have a small temperature dependence compared 
to rifi and exp[(^f — Ec)/kT], we can write 

Qt^-q 
Stn^Nt 

e(£.-EOAT^^^„^' 
(5.31) 

where 
St = = constant . (5.32) 
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Figure 5.5: The capture and release of electrons by dangling bonds. D^. D . 

and D'^ indicate the neutral, negative, and positive dangling bond, respectively. 

Another kind of defect is the dangling bond. This dangling bond can 
have three charge states, namely empty (A^^), single occupied (-/V°fc), 
and double occupied (A^J^). A special feature of the dangling bond is 
tha t it has two levels in the energy gap separated by the correlation 
energy [21,22]. The correlation energy is the difference in energy of a 
double and single occupied dangling bond. This correlation energy is 
positive, i.e., the double occupied dangling bond has a higher energy 
than the single occupied dangling bond. A negative correlation energy 
would give the Poole-Frenkel effect [22,23]. The capture and release of 
electrons by dangling bonds is depicted in figure 5.5. For the density 
of single occupied dangling bonds we have 

+ sln.N, db 

{E^,,-E.)I,T ^ ,4- ^ + 0 2 ,{E.^E-,)lkT ' 
(5.33) 

db-'-t dh^db"-t 

and for the density of double occupied dangling bonds we have 

N,,^ 
5tsOn?iV.,e(^-^I*)/^^ db'^db^'-t^^'db 

^{El,-E.)ikT _^ ^^^ _^ 5+6« n2 e ( ^ - ^ ; J A ^ 
(5.34) 

The charge in the dangling bonds is 

Qdb -

r*̂  (5.35) 

where we have used the inequalities 

g{E--E.)/fcr 
Tie < Ndb and ——Q ^ ^ 

^db^db 

(5.36) 

We will also consider an exponential distribution of gap s tates tha t 
increases with increasing energy, and another exponential distribution 
tha t decreases with increasing energy. These exponential distributions 
will be called deep tail states to discriminate them from the shallow 
tail states near the mobility edges. These deep tails are also mentioned 
in chapter 1 in relation with the CFO model for the density of s tates . 
The deep tail of the conduction band contributes to the density of gap 
states with 

SAE) = ^Z"^''^"'" , (5.37) 

and the deep tail of the valence band contributes with 

g^^(£) = i^ef^-^5^^^-
^T. 

(5.38) 
vt 

The charge in the deep tail of the conduction band is 

Qct = -^r^ 9ci[E]f{E) dE « -qN,, (l + 5 f ^ .(^/-^O/^^-
(5.39) 

and in the deep tail of the valence band the charge is 

Qvt = q 
CO 

— oo 
g„,{E){l-f(E))dE^qN„ t 

1 4. ^^^^ \ AE.-Es)lkT.t 

(5.40) 

The space charge is given by the total charge. The total charge is 
the sum of the charge in the t raps, in the dangling bonds, and in the 
deep tail states given by 

db-^db"'e Qtot = Qt + Qdb + Qct + Q.t. (5.41) 

I 
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The J-V characteristics of n-i-n devices can be simulated with the 
use of the equations for the space charge. The following procedure is 
used with the Fermi level as a parameter: 

1. Calculate n^ using the Fermi level and n^ ^ Nc e(^/~^=)/*'^. 

2. Calculate the space charge with equation 5.41. 

3. The voltage is obtained from V = —{Qd^]/{K.es). 

4. The current is obtained from J — qß^^n^Vjd. 

These four steps are repeated in the indicated order for a range of Fermi 
levels to obtain a smooth J-V curve. 

In figure 5.6 the simulated current-voltage characteristics of an n-i-n 
device is shown. The density of gap states of this simulation consists of 
dangling bonds with the input parameters of table 5.2. The values of 
the input parameters have been obtained from the literature [25,26]. In 
figure 5.7 the apparent density of gap states is shown as obtained from 
the J-V characteristics with the step-by-step method. It is clear that 
the apparent density of gap states depends strongly on the temperature. 
The slope of ln( J ) versus In(V') in the SCLC regime is independent of 
T, and J is proportional to V"^. This means that the characteristic 
temperature, obtained by equation 5.28, is equal to the measurement 
temperature. The increase of the characteristic temperature with in-
crecLsing temperature was not observed in our measurements. On the 
contrary, the opposite effect was observed as can be seen in figure 5.4. 

The simulation of the J-V characteristics of an n-i-n device with 
the two exponential distributions and a single t rap level for the density 
of gap states is shown in figure 5.8. The apparent density of gap states 
as obtained by the step-by-step method, shown in figure 5.9, is similar 
to the measured curves of figure 5.3a. We will use this distribution as 
a starting point for the comparison of simulated and experimental data 
in the next subsection. 
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Table 5.2: The input parameters used for the simulations. 

simulation 1 with dangling bonds 

iVc = 2 X 10^^ cm^^ 

vih = lO'^cm/s 

/c 

-I 
-1 
< - -

€s -

= lx 10"^^ cm^ 

= 5 X 10-^^ cm2 

- lOcmVVs 

-- 1.05 X 10-^2 py^,^ 

Ec 

Eo 

1^0 -

d = 

-E^, = 0.6eY 

-E^^, = 1.0eY 

= 10i2s-i 

= 1-5 ^m 

simulation 2 with two exponential distributions and a single trap level 

E^- Et^ 0.25 eV Nt = 5x lOi^cm-^ Nct/kTct = 2 x lOi^cm-^eV-^ 

N^t/kT^t = 7 x lO^^cm-^eV^^ E^ - E^ = 1.7 eV N. = 2x 10^^ cm"^ 
- 1 5 (Tt = lx 10-'='crn^ T^t = 1500 K 

Vtf^ = 10' cm/s 

/ c ^ 2 

^^ = lOcm^/Vs 

€s = 1.05 x 10-12 p/(,j^ 

T^t = 3000 K 

1̂0 = 10^2 s-i 

d — 1.5 ^m 

Vi 

5.5.2 Comparison of Simulated and Experimental 
Da ta 

The simulated and experimental J-V characteristics are compared in 
figure 5.10. The sim.ulated J-V characteristics are obtained with the 
input parameters of table 5.3. The parameters 7V(, Et, and N^t have 
been optimized to obtain a good fit to the experimental data . The 
parameters Tct and T^t were set at a reasonable value and not optimized. 
The parameter T^t was set at a value between 1000 K and 1500 K which 
corresponds with the high T^ values in figure 5.4. The parameter Tyt 
was set at twice the value of T^t since the characteristic temperatures of 

the shallow band tails differ also a factor two (namely 250 K and 500 K 
|24]). The parameter N^t depends on N^, if N^ changes then N^t is 
adjusted to keep the equilibrium Fermi level pinned at 0.56 eV below 
Ec- The value for N^ was obtained, as Ej, from the Arhenius plot of 
J at 0.1 V bia^ versus l/T. The other parameters were obtained from 
the l i terature [25,26]. 

The simulated and experimental J-V characteristics, shown in fig-
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Figure 5.10: The simulated 
and experimental current-volt
age characteristics. The ex
perimental data is drawn with 
a solid line, and the simu
lated data with a dashed line. 
For the simulation a density of 
gap states was used consisting 
of two exponential distributions 
and a single trap level. The in
put parameters are listed under 
simulation 3. 
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Figure 5.11: The simulated and 
experimental apparent density 
of gap states obtained from the 
J-V characteristics. For the 
simulation two exponential dis
tributions and a single trap level 
were used as gap states. 
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Table 5.3: The input parameters used for the simulations which are compared 

with the experimental data. 

simulation 3 with two exponential distributions and a single trap level 
- 3 Nt = 2x lO^^ cm^^ Nct/kT,t = 7.6 x 10^^ cm-^eV - 1 

iV, = 7 x 10^0 cm"^ 

(Tt = lx 10"^^ cm^ 

Vth = 10^ cm/s 

K = 2 

E,- Et = 0.12eV 

N,t/kT^t = 4.1 X IQi'^cm-^eV-i E, - E^ = 1.7eV 

T,( = 1500 K 

fi^ = lOcmVVs 

es = 1.05 X 10- i^F/cm 

T^t = 3000 K 

1.0 = 10^2 s- i 

d= 1.5/xm 

simulation 4 with additional dangUng bonds: 

additional parameters and modified parameters 

.0 
db 

= 1 X 10-^5 cm2 N,, = 1.6 X 10^5 ^^^-3 

a + = 5 X iO-i^ cm^ iV. = 3 X lO^^cm-^ db 

E,-E-, = 0.6ey 

- 3 „ T r - l Na/kTct = 3.2 x 10^« cm-^eV"^ T^ - 1000 K 

N,t/kT,t = 1.0 X 10^^ cm-^eV- i T,t = 2000 K 

ure 5.10, correspond reasonably well. We have also plot ted the apparen t 
density of gap s ta tes as obtained by the step-by-step me thod , since this 
is a differential technique t ha t can show other details and can help to 
interpret the difference between the simulat ion and exper iment . In fig
u re 5.11 the apparent density of gap states is shown. It can be seen 
t h a t the simulat ion describes the t empera tu re dependence quite well. 
The t r a p level increases the apparent density of gap s ta tes wi th increas
ing t e m p e r a t u r e due to the broadening of the Fermi-Dirac dis t r ibut ion. 
The origin of the t r a p level is most likely not an impuri ty level, bu t the 
conduct ion b a n d tail s tates t ha t are caused by the intrinsic disorder. 
These tai l s ta tes are close t o E^ and very s teep, so they can be easily 
modeled wi th a t r a p level at 0.12 eV below E^ 

The simulat ion shown in the figures 5.10 and 5.11 have the largest 

error near Ef. We tr ied to improve t he simulat ion by adding dangling 

bonds to the density of gap s ta tes , since the dangling bonds are close t o 

Ef. We have opt imized the to ta l number of dangling bonds Ndj,, and for 

u 

till [I 
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the other parameters we have used values obtained from the literature. 
The values for the parameters are listed in table 5.3. The results of 
this simulation are shown in figure 5.12 and figure 5.13. It is clear that 
the added dangling bonds improve the fit near the Fermi level. The 
density of gap states that corresponds with the input parameters of 
simulation 4 is shown in figure 5.14. 

The tail states increase the apparent density of gap states, and they 
increase the slope of the apparent gap states distribution as can be 
seen in figure 5.11. The slope of the gap states distribution is related 
to the characteristic temperature (Tc). An increase in the slope means 
a decrease in Tc- This explains the temperature dependence of T^. that 
is shown in figure 5.4. With increasing temperature the influence of the 
tail states increases, and the slope of the apparent density of gap states 
versus E increcises which means a decrease in T^. 

The increase in Tc with increasing layer thickness can be explained 
by two effects. The first is the influence of the space charge regions 
that moves the Fermi level close to the tail states for thin samples. The 
second eff'ect is that for a constant electric field the space charge density 
is proportional to the inverse layer thickness. Because we have measured 
all devices up to a maximum field of 10^ V/cm, the maximum space 
charge density decreases with increasing layer thickness. The result is 
that the shift in the Fermi level is less for thick samples compared to 
thin samples, and this means that the Fermi level is closer to the tail 
states for thin samples. When the Fermi level is close to the tail states, 
the influence of the tail states is large which, reduces T^. 

5.6 Conclusions 

In section 5.2 the step-by-step method, which is used to obtain the 
density of gap states from the I-V characteristics, was analyzed. An 
exponential distribution of gap states, with T^/T = 3, was used to 
estimate the errors of the step-by-step method. The error in the density 
of gap states caused by the deviation from a uniform space charge, 
which is assumed in the step-by-step method, was estimated to be about 
25%. The error in the density of gap states caused by the deviation 

J 

from a step function of the Fermi-Dirac distribution was estimated to 
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Figure 5.12: The simulated 

and experimental current-volt

age characteristics. The ex

perimental data is drawn with 

a solid line, and the simulated 

data with a dashed line. For 

the simulation a density of gap 

states was used consisting of 

two exponential distributions, 

dangling bonds, and a single 

trap level. The input param

eters are listed under simula

tion 4. 

10 

Figure 5.13: The simulated and 

experimental apparent density 

of gap states obtained from the 

J-V characteristics. For the 

simulation two exponential dis

tributions, dangling bonds, and 

a single trap level were used as 

gap states. 
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Figure 5.14; The density of gap states that corresponds wi th the input parameters 

of simulation 4 is indicated by a dashed line. The delta functions for the trap level 

and the negative dangling bond level are indicated by a 5. The solid lines indicate 

the density of gap states obtained by the step-by-step method at 220. 290. and 

340 K. The dotted line represents a (more realistic) density of gap states where 

the delta functions are smoothed out. 

be about 20% at a temperature of 300 K. 

The Poole-Frenkel effect was studied in section 5.4. The Poole-
Frenkel effect is the release of t rapped electrons out of positive defects 
under the influence of a high electric field. We derived a modified 
step-by-step method to compensate for the Poole-Frenkel effect. It 
was found that the modified step-by-step method gave an unrealistic 
high density of gap states, and the extrapolation of the distribution 
of gap states to E^ gave an unphysical high density of states near Ec-
Therefore, we concluded tha t the Poole-Frenkel effect is absent in SCLC 
measurements of n-i-n a-Si:H devices. 

The large temperature dependence of the density of gap states mea
sured by the step-by-step method was studied in section 5.5. A com
puter simulation based on a distribution model of the density of gap 
states was used to simulate the I-V characteristics at different tem
peratures. It was found tha t the SCLC mecisurements in the large 

tempera ture range of 220 K to 340 K can be explained by a tempera
ture independent density of gap states. These gap states consist of two 
exponential distributions and the tail states near Ec t ha t are modeled 
by a single t rap level 0.12 eV below E^. The tail states increase the 
apparent density of gap states with increasing tempera ture due to the 
broadening of the Fermi-Dirac distribution. 

The characteristic temperature was obtained from the slope of the 
plot of ln( / ) versus ln(V"). The characteristic temperature is based on 
the assumption of an exponential distribution of gap states. All the 
plots of ln( / ) versus ln(\^) gave a straight line in the SCLC regime. It 
was found in section 5.4 tha t the characteristic temperature obtained 
in this way depended on the temperature and on the layer thickness. 
This can be explained by the influence of the tail states on the T-V 
characteristics as was shown in section 5.5. Because of the influence 
of the tail s tates, it is not possible to investigate the validity of the 
assumption of an exponential distribution. 
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Appendix A 

Simulation of the Reflection and 
Transmission 

In this appendix the calculation of R and T for a number of optical 
systems is described. The following optical systems are treated: 

• A single non-absorbing layer, coherent or incoherent. 

• A single absorbing layer. 

• A thin film (coherent) on a substrate (incoherent). 

• The method to obtain R and T for a large number of layers. 

A layer is considered to be coherent if its thickness is much smaller 
than the coherence length of the light that is used. Likewise, a layer 
is considered to be incoherent if its thickness is much larger than the 
coherence length. The coherence length is determined by the light 
source and the bandwidth of the monochromator. 

The light emitted by a thermal light source, such as a tungsten fil
ament lamp, consists of short wave-trains. Since the phases of these 
wave-trains are independent, the coherence length is the average length 
of the wave-trains. A lifetime of 10~^sec for atomic fluorescence life
times gives a coherence length in the order of a mm [l]. The coherence 
length caused by the bandwidth A A of the monochromator is [2] 

£. = 
AA 27r 

(A.1) 

The bandwidth of the monochromator is 1 nm and this gives a coherence 
length of about 100//m at A =: l/^m. The coherence length obtained 
by combining these two effects is the smallest value, i.e. 100/^m. 
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Figure A.1: The multiple reflections in a single layer. 

The thickness of the a-Si:H layer is around 1/im and can be con
sidered as coherent. The thickness of the Corning 7059 substrate is 
0.5 mm and can be considered as incoherent. 

A single layer 

In the case of a single layer we have two boundaries, namely between air 
and the layer and between the layer and air. This situation is depicted 
in figure A.1. The notation is the same as used by O.S. Heavens [3]. 
The multiple reflections in the film complicate the calculation of the 
reflection and transmission. There are two cases to be distinguished, 

ly that the multiple reflections add coherently or incoherently. 
If the multiple reflections add coherently we have to add the am

plitudes to obtain a combined reflection and a combined transmission 
coefficient. These combined coefficients are given by 

name 

oo 

ri.2 = ri -\-t1t\r2e -2iS -2i5,\k r = r, + -
t-[t[r2 e -2iS 

r2r[ e-2'^i 
(A.2) 
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and 
oo 

^1,2 = ^1^2 e 
-is tih e-'^^ 

-2ifii ' (A.3) 

where 

(A.4) 

The Fresnel coefficients r i , r2, r j , i i , (2, and t'̂  are defined as 

U = 

-"0 - " 1 

-Ho + ^1 

2no 

no + ni 

^•2 

U = 

ni - n2 

ni + ^2 
2ni 

III + 1^2 

r\ = 

an d 

-"1 - JJQ 

Jio + -ni 

t\ = 
2ni 

no + ni 
(A.5) 

where no is the refractive index of the first medium, rii is the refractive 
index of the second medium, and n2 is the refractive index of the third 
medium. The phase shift 61 is described in terms of the wavelength 
A, the refractive index of the layer n i , and the layer thickness di. The 
phase shift Si is the shift in phase of the light wave when it travels 
from, the top to the end of the layer. From equation A.5 it can be seen 
that r[ — —ri and r^ + tit[ = 1. Using these expressions the reflection 
coefficient of equation A.2 can be written as 

^"1.2 
1 + TiTi e -2 '* i • 

(A.6) 

The reflection and transmission are obtained with 

R^\ri,2\^ and T= (n2/no)|fi,. (A.7) 

It can be seen from equation A.6 that the reflection is minimal for 
exp{—2iSi] = 1 and maximal for exp(—2i6i) = —1 if rii > TIQ and 
Jii > ii2 [ri < 0 and rz > 0). These extrema in the reflection occur 
when the double layer thickness equals an integer multiple of the half 
wavelength in the layer (the wavelength in the layer is A/ni) . 

If the multiple reflections add incoherently we have to add the ener
gies (i.e., the square of the amplitudes), in this case the reflection and 
transmission are 

0 0 

2 ^l2^k R = rl + tlt[\l^{rlr[') rl + 
k=Q 

^1 '•I ^2 
1 _ -.2 r ' 2 ' 
•*• ^ 2 ^ 1 

(A.8) 
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and 

T = „ ''1 ^2 
no 

0 0 

E( r-.r\y 2 
2 

JI2 U ^2 

k^Q no 1 - r 2 r ' 2 
^2 ^1 

(A.9) 

A single a b s o r b i n g layer 

The absorption of the layer can be introduced by using a complex re
fractive index 

ill = ni - ï^i, where t i = 
Aoi 

47r 
(A.10) 

The absorption coefficient is given by « i , and ki is the extinction co
efficient of the layer. In the case of absorption the Fresnel coefficients 
are also complex numbers, for example 

U = 
2no 

JiQ + n i - iki 
(A.U) 

The phase shift is also a complex number 

27r i 
61 = —di{ni - iki) = Si - -aidi, (A.12) 

where the imaginary part of Si introduces the absorption. 
In the CcLse of a coherent layer the combined reflection coefficient 

and the combined transmission coefficient are 

ri,2 = r i -h 
titir2G '""e — 2iSi „—oidi ri + he-^'^'e'"'''^' 

1 - r2r'i e-2'^ie--«''^^ 1 + fa^i e-^'^ie""»'*^ ' 
(A.13) 

and 

tit2e-'^'€-''''^'^^ 

^^'' l-f2^ie-' '^^e-"^^^ 
(A.14) 

- - f 
using r[ = —fj and f̂  + 1̂̂ 1 = 1. The complex reflection coefficients fi 
and f2 can be approximated by |fi | and |f2| since their imaginary part 
is much smaller than their real part. For exajnple, a-Si:H has ni = 4 
and ki ̂  0.4 at A = 500 nm (a — lO^cm"^), which gives for f2 (n2 = 1) 

i l l 
r2 = -

n2 

n i + 112 

^ x > 
/•**-> 0 . 6 - 0 . 0 3 2. (A.15) 
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The reflection and transmission can be approximated by 

R= Ifi 
— a i d + 2 f i f2 e-'^'''icos26i + 2g-2aidi 

j " * ^ 

1 + 2 ̂2 g-aidi cos2(5i + 2 g-2aidi 
(A.16) 

and 

T = t 1,2 
r̂  

( 1 - f J^ ) ( l - | f , | ^ )e .— a i d l a i 

1 + 2 fillrile-^i^^ cos2(^1 + Ir^ 2 g-2a:di 
, (A.17) 

- 2 - 2 
using (na/noj^i^" = (1 - ' ' i ) ! ! " ^D-

In the case of a incoherent layer the reflection and transmission are 

R 
| t l | 

1 -
1*1 
T"2 

2 

2 

rzl̂ e-̂ ^^"^^ 
f;|2e-2"id, ' 

(A.18) 

and 

T = " 2 U ^ t 2 g - Q ^ i d i 

no 1 2 g-2aidi 
(A.19) 

A th in film on a s u b s t r a t e 

We measured the reflection and transmission of intrinsic layers of a-Si:H 
on Corning 7059 glass substrates, where the optical system consists of 
a coherent layer on top of an incoherent non-absorbing substra te . The 
a-Si:H layer can be described by a complex reflection and transmission 
coefficient, which are given by equations A.13 and A.14. Now equa
tions A.8 and A.9 for the reflection and transmission of an incoherent 
non-absorbing layer can be modified by replacing r^ with fi_2, ti with 

^1,2) ^i with f̂  2, and t[ with i^ 2- The r[ ̂  ^^^ *i 2 *^̂ n ^^ obtained in a 

similar way as fî 2 and 1̂̂ 2-
This gives for the reflection and transmission 

R 1,2 + 
t 1.2 

~f 
t 1.2 ^3 

1 - ^3 r 1.2 

(A.20) 

and 

T ^ JÏ3 1*1,: tz 

-HQ 1 - Wz f' 1,2 
2 • 

{A.21) 
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A large n u m b e r of layers 

Since a single film can be replaced by a single surface with a complex 
reflection and transmission coefficient, it is clear tha t any number of 
coherent layers can be replaced by a single surface [4,5]. The following 
recurrence relations can be used to compress any number of coherent 

layers. 

(A.22a) 

(A.22b) 

(A.22c) 

(A.22d) 

?'l,2...;V+l = ri,2...N + h,2...N^i_2...N^N+l ^N/^N > 

T Z ~ /" 
= ïl,2...NÏA^ + l GN/^N J 1,2...JV + 1 

f' 1,2...N+1 

"I 

*l,2...iV+l 

= r' N+l + ^N-\-l^N+l^l,2...N ^NI^N ) 

_ r' r' - /~ 
— * J V + 1 ^ 1 , 2 . . . J V ^ N / * ^ W 1 

where 

CN 1 - 7*Ar + l ' ' i .2...N ^N and g ^ ^ e - » * N e - « « d ; , / 2 (A.23) 

The Fresnel coefficients f^r+i, f^+i , fiv+i, and f^^+i are given by 

n j v + i f' 
nyv + n/^+i N+\ 

" J V + 1 ^ -HAT 

2n 
*Ar+i — ^ 

N ~t 
an' ̂  ^N+l ~ " 

2n N+l (A.24) 

After all the coherent layers are replaced by a single surface the 
optical system consists of a single surface or an incoherent layer (the 
subst ra te) . The reflection and transmission can be calculated by using 
the f and t of the single surface, or in case of a remaining incoherent 
layer by making use of equations A.18 and A.19. 
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Summary 

Hydrogenated amorphous silicon (a-Si:H) is a relatively new semicon
ductor that is of practical use in a number of applications; it is also 
an interesting material from a scientific point of view. Hydrogenated 
amorphous silicon is an alloy of silicon and hydrogen atoms. The atoms 
are distributed in space in a more or less random way. This is in con
trast with crystalline silicon where the silicon atoms are ordered in a 
regular pattern, i.e. the crystal lattice. The practical use of a-Si:H is 
largely based on the ability to deposit thin layers of a-Si:H on a wide 
range of cheap substrates and the ability to cover large areas. However, 
the electrical properties are inferior to those of crystalline silicon and 
much research is aimed at the improvement of the electrical properties. 

In this thesis the optical properties and transport properties of 
a-Si:H are studied. These properties are closely related to the per
formance of a-Si:H solar cells, since the absorption of Hght and the 
transport of the generated electrons and holes determine the efficiency 
of the solar cell. The optical properties are studied in chapter 3 after 
the general introduction in chapter 1, and the description of the fabri
cation of the layers and devices of a-Si;H in chapter 2. The transport 
properties are studied in chapters 4 and 5. The investigation presented 
in this thesis is directed at increasing the understanding of the material 
in relation with the practical application of a-Si:H in solar cells. 

In chapter 3 the optical properties of intrinsic layers of a-Si:H are 
studied. The reflection of light and the transmission of light of these 
layers were measured, and these measurements were used to obtain the 
refractive index and the optical gap. A model for the incorporation of 
hydrogen in the a-Si:H layer is introduced to describe the relations be
tween the hydrogen concentration in the layer, the refractive index, and 
the optical gap. These theoretical relations agree with our experimental 
results and the experimental results of other research groups. 

Reflection and transmission measurements were also used to study 
the inhomogeneity of microcrystalline silicon. Microcrystalllne silicon 
(/ic-Si;H) consists of microcrystals of approximately 100 A in diameter 
surrounded by a-Si:H. This material (/ic-Si:H) caji be used for the 
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first layer in a solar cell, because of its low light absorption and high 
conductivity. It is shown that the first 200 A of a //c-Si:H layer is 
amorphous. This thin interfacial layer has to be eliminated to obtain 
solar cells with a high efficiency. 

The diff'usion length of a-Si:H is studied in chapter 4. The diffusion 
length is the average distance that a generated hole travels before it 
recombines with an electron. The diffusion length of a-Si:H was mea
sured with the Surface Photovoltage (SPV) technique. It is shown that 
the term "diffusion length" is misleading, since the hole drift current is 
of the same order of magnitude as the hole diffusion current. This hole 
drift current increases the diffusion length with a factor \ / 2 . 

The SPV technique was used in combination with current-voltage 
measurements to measure the influence of the tin-oxide layer on the 
quality of the a-Si:H layer that was deposited on top of the tin-oxide 
layer. A tin-oxide layer is used as a transparent and highly conductive 
bot tom layer in solar cells in order to collect the generated current. It 
is shown that tin atoms of the tin-oxide layer diffuse into the a-Si:H 
layer. However, current-voltage measurements and SPV measurements 
show no degradation of the quality of the a-Si:H layer as a result of this 
tin diffusion. 

In chapter 5 the Space Charge Limited Current (SCLC) method 
is investigated. This SCLC method is used to obtain the density of 
states in the gap of a-Si:H. The influence of high electric fields, known 
as the Poole-Frenkel effect, on the measured density of gap states was 
studied. It is shown that high electric fields do not disturb the SCLC 

measurements. This result is a confirmation of the theoretical models 
for the gap states of a-Si:H. 

The density of gap states obtained by the SCLC method show a 
large temperature dependence, however, the density of gap states of 
a-Si:H is supposed to be independent of the temperature. It is shown 
that the temperature dependence is caused by the tail states near the 
conduction band edge, and not by a change in the density of gap states. 

Samenvatting 

Gehydrogeneerd amorf silicium (a-Si:H) is een relatief nieuwe halfgelei
der met verscheidene praktische toepassingen; het is tevens een inter
essant materiaal uit wetenschappelijk oogpunt. Gehydrogeneerd amorf 
sihcium is een legering van siUcium en waterstof atomen. De atomen 
bevinden zich op min of meer willekeurige plaatsen. Dit in tegen
stelling tot kristallijn silicium, waar de silicium atomen geordend zijn 
volgens een regelmatig patroon, namelijk het kristalrooster. De prak
tische toepassingen van a-Si:H zijn voor een groot deel gebaseerd op 
de mogelijkheid om dunne lagen van a-Si:H op een verscheidenheid van 
goedkope substraten aan te brengen en de mogelijkheid om grote opper
vlakken te bedekken. Echter, de elektrische eigenschappen zijn minder 
goed dan die van kristallijn silicium, en veel onderzoek is gericht op het 
verbeteren van de elektrische eigenschappen. 

In dit proefschrift worden de optische eigenschappen en de transport 
eigenschappen van a-Si:H bestudeerd. Deze eigenschappen zijn sterk 
verbonden met de werking van a-Si:H zonnecellen, aangezien de licht 
absorptie en het transport van de gegenereerde elektronen en gaten het 
rendement van de zonnecel bepalen. De optische eigenschappen worden 
onderzocht in hoofdstuk 3 na de algemene inleiding in hoofdstuk 1, en 
de beschrijving van de vervaardiging van de lagen en de structuren van 
a-Si:H in hoofdstuk 2. De transport eigenschappen worden onderzocht 
in de hoofdstukken 4 en 5. Het onderzoek in dit proefschrift is gericht 
op het uitbreiden van het begrip van het materiaal in samenhang met 
de praktische toepassing van a-Si:H in zonnecellen. 

In hoofdstuk 3 worden de optische eigenschappen van intrinsieke 
lagen van a-Si:H bestudeerd. De reflectie van licht en de transmissie van 
licht van deze lagen werden gemeten, en deze metingen werden gebruikt 
om de optische bandafstand en de brekingsindex te bepalen. Een model 
voor de inbouw van waterstof in de a-Si:H laag wordt geïntroduceerd om 
de relaties tussen de waterstof concentratie in de laag, de brekingsindex, 
en de optische bandafstand te beschrijven. Deze theoretische relaties 
komen overeen met onze experimentele resultaten en de experimentele 
resultaten van andere onderzoeks groepen. 
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Reflectie en transmissie metingen werden ook gebruikt om de inho-
mogeniteit van microkristallijn silicium te onderzoeken. Microkristal
lijn silicium (^c-Si:H) bestaat uit microkristallen met een diameter van 
ongeveer 100 Ä omringd door a-Si:H. Dit materiaal (/ic-Si:H) kan ge
bruikt worden voor de eerste laag in een zonnecel vanwege de lage licht 
absorptie en de hoge geleidbaarheid. De eerste 200 A van een /zc-Si:H 
laag blijkt amorf te zijn. Deze dunne tussenlaag moet vermeden worden 
om zonnecellen met een hoog rendement te vervaardigen. 

De difFusielengte van a-Si:H wordt onderzocht in hoofdstuk 4. Deze 
diffus iel engt e is de gemiddelde afstand die een gegenereerd gat aflegt 
voordat deze recombineert met een elektron. De diffusie lengte van 
a-Si:H werd gemeten met de Surface Photovoltage^ (SPV) techniek. 
Er wordt getoond dat de term "diffusielengte" misleidend is aangezien 
de driftstroom van de gaten van dezelfde orde van grootte is als de 
diffusiestroom van de gaten. Deze driftstroom van de gaten vergroot 
de difFusielengte met een factor \/2. 

De SPV techniek werd gebruikt om de invloed te bepalen van de 
tinoxide laag op de kwaliteit van de a-Si;H laag die bovenop de tinox-
ide laag werd aangebracht. Een tinoxide laag wordt gebruikt als een 
transparante en sterk geleidende onderlaag in zonnecellen om de ge
genereerde stroom naar de kontakten te leiden. De tin atomen van de 
tinoxide laag blijken in de a-Si:H laag te diffunderen. Echter, stroom
spanning metingen en SPV metingen laten geen degradatie van de 
a-Si:H laag zien als gevolg van deze tin diffusie. 

In hoofdstuk 5 wordt de Space Charge Limited Current^ (SCLC) 
methode onderzocht. Deze SCLC methode wordt gebruikt om de toe
standsdichtheid tussen de valentie en geleidingsband van a-Si:H te be
palen. De invloed van hoge elektrische velden, bekend als het Poole-
Frenkel effect, op de gemeten toestandsdichtheid werd onderzocht. Er 
wordt aangetoond dat hoge elektrische velden de SCLC metingen niet 
beïnvloeden. Dit resultaat is een bevestiging voor de theoretische mod
ellen voor de toestandsdichtheid in a-Si:H. 

De toestandsdichtheid die wordt verkregen met de SCLC meth
ode is afhankelijk van de temperatuur, terwijl de toestandsdichtheid 
van a-Si:H als onafhankelijk van de temperatuur wordt beschouwd. 

^Door licht gegenereerde spanning aan het oppervlak. 
^De door ruimtelading begrensde stroom. 

Er wordt aangetoond dat de temperatuur afhankelijkheid veroorzaakt 
wordt door de tail toestanden bij de rand van de geleidingsband, en 
niet door een verandering in de toestandsdichtheid. 
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1. Door de krachtige en goedkope computers van dit moment hoeft een expe
riment niet meer geanalyseerd te worden met een sterk vereenvoudigd 
rekenmodel maar kan een complex rekenmodel gebruikt worden. Echter, 
een vereenvoudigd rekenmodel op maat gemaakt voor een specißek expe
riment voldoet evengoed als een complex rekenmodel, geeft meer inzicht 
in de relevante processen en is sneller te ontwikkelen. 

2. Het onderzoek naar ohmse kontakten voor GaAs zonnecellen moet zich 
meer op een lage kostprijs dan op een lage kontaktweerstand richten. Dit 
in tegenstelling tot GaAs laserdiodes, waarbij een lage kontaktweerstand 
het belangrijkste is. 

3. Een oscillator model gecombineerd met een model voor de inbouw van 
waterstof in het a-Si.H netwerk kan de optische eigenschappen van a-Si:H 
als functie van de waterstof concentratie beschrijven. 

Dit proefschrift, hoofdstuk 3. 

4. De stabiliteit in het onderwijs zou verbeteren als het onderwijs niet meer 
door de politiek misbruikt zou worden om maatschappelijke verandering
en te bewerkstelligen, zie de Mammoetwet en de Middenschool. 

5. De diffusielengte van gaten in dunne lagen van a-Si:H is te meten met de 
"Surface Photovoltage" methode als de reßectie aan het achterkontakt 
wordt meegenomen in de uitdrukking voor de lichtgeneratie. 

Dit proefschrift, hoofdstuk 4. 

6. De bedrijfjes die rondom een ondernemende universiteit ontstaan en op 
onduidelijke wijze gebruik kunnen maken van door de overheid gesubsi
dieerde faciliteiten veroorzaken concurrentie vervalsing ten opzichte van 
bedrijven die voor zulke faciliteiten moeten betalen. 

^ 

7. Uit diffusielengte metingen en stroomspanning metingen aan Schottky 
diodes blijkt dat de degradatie van a-Si:H zonnecellen tengevolge van tin 
diffusie uit de tinoxide laag te verwaarlozen is. 

Dit proefschrift, hoofdstuk 4. 

8. De factor y/2 in de formule van Moore voor de ambipolaire diffusielengte 
van a-Si:H is het gevolg van een elektrisch veld dat ontstaat door het 
verschil in beweeglijkheid tussen gaten en elektronen. 

A.R. Moore, J. AppL Phys., 54(1}-.222-228, 1983. 

Dit proefschrift, hoofdstuk 4. 

9. Doordat kwantitatieve modellen voor het sinteren van keramische poe
ders ontoereikend zijn, vindt de ontwikkeling van keramische ßlters, met 
een specißeke poriegrootte verdeling, proefondervindelijk plaats. 

James S. Reed. Introduction to the Principles of Ceramic Processing, 

pages 445-464. John Wiley k Sons, 1988. 

10. Voor een economisch haalbare energie opwekking met zonnecellen, moet 
er voldoende grond beschikbaar zijn waar de opbrengst per hectare, bij 
plaatsing van zonnecellen, vergelijkbaar is met de opbrengst per hectare 
wanneer deze grond gebruikt wordt voor de landbouw. 

11. Het ontbreken van een Poole-Frenkel effect in a-Si:H devices ondersteunt 
de theorie dat dangling bonds in a-Si:H een positieve correlatie energie 

hebhen. 

Dit proefschrift, hoofdstuk 5. 

12. Als het profijtbeginsel bij de studiefinanciering wordt doorgezet, dan kun
nen er in de toekomst schadeclaims komen van studenten die niet vol
doende proßjt hebben gehad van de studie. 
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