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Abstract 

At the DEPO II experimental setup amorphous hydrogenated silicon (a-Si:H) is 
deposited using an expanding cascaded arc plasma. For the analysis of the layers 
Fourier Transformed Infrared spectrometry (FTIR) has been implemented. From the 
FTIR spectrum the total hydrogen content of the layers is determined. It is also 
possible to distinguish between the SiH and SiH2 (or SiH on voids) configurations. 

The first series of experiments was focused on reproduction of the measurements 
(FTIR and other diagnostics used for the analysis of the layers) and the deposition 
process. It is found that after several improvements were made the measurements and 
deposited layers reproduced within acceptable margins. 

For the second series of experiments the hydrogen flow to the plasma was varied in 
order to investigate the influence of the hydrogen concentration in the plasma on layer 
properties and the hydrogen concentration of the layers on other layer properties 
(refractive index, bandgap ). It is found that there is no clear correlation between 
hydrogen content of the plasma and hydrogen content of the layers. The changed flow 
results in a large spread in hydrogen content of the deposited layer. It is also found 
that the layer deposited at the same settings as those deposited during the first series 
has a significantly higher hydrogen content. Because a large spread in hydrogen 
content of the deposited layers was achieved it is possible to investigate its influence 
on other properties. It is found that refractive inciex decreases with hydrogen content. 
This decrease is considerably larger than expected from theoretical calculations. This 
can be explained by assuming that a larger volume is occupied by hydrogen in the 
layer, or by the creation of voids with increased hydrogen content. Bandgap and 
Urbach width do not vary significantly with hydrogen content It is found that SiH 
decreases and SiH2 (SiH on voids) increases with hydrogen content. Above 
approximately 11 at% hydrogen in the layer the majority is bonded in the SiH2 (SiH 
on voids) form. 
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1. Introduction 

1.1 Amorphous Hydrogenated Silicon 

One of the applications of amorphous hydrogenated silicon (a-Si:H) is use as an 
intrinsic layer in solar cells. For these layers to be useful for production in industry they 
must meet several demands. In practice this means they must convert solar energy in 
the form of light into electrical energy. In semiconductors the valence band and 
conduction band are separated by a bandgap in which no electrons are allowed. The 
principle of a solar cell is to use the energy brought into the layer by the incoming light 
to give electrons enough energy to jump from the valence band into the conduction 
band. To do this efficiently the bandgap should ideally be around 1.6 eV. If the 
bandgap is higher, not enough photons have sufficient energy to transfer electrons into 
the conduction band. If the bandgap is lower, the excess photon energy is not 
converted into potential energy but is lost through heat production. This is the main 
loss mechanism in actual solar cells. A bandgap of 1.6 e V is the most efficient 
compromise. a-Si:H with acceptable conductivity (to be discussed later) is found to 
have a bandgap of 1.7 -1.8 eV. A bandgap lower than 1.8 eV is considered to be 
useable in practice. Another property a semiconductor that is going to be used in a 
solar cell should posses is a high packing density of the atoms. The reason for this is 
that the higher the packing density of the material the higher are the odds of capturing 
a photon with the right energy. This packing density is closely related to the refractive 
index. For a-Si:H the refractive index (at the He-Ne wavelength of 632.8 nm) should 
be around 4.3. A higher refractive index means a higher packing density of the Si 
atoms, but once again a compromise must be made between this and the electrical 
properties. 

figure 1.1: Amorphous Hydrogenated Silicon 
as the intrinsic layer of a solar cell 
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Now that the electrons have transferred the solar energy into potential energy this 
energy needs to be transferred into an electrical current. This is done by attachment of 
the so-called p and n layer to either surface of the a-Si:H layer. These layers (that will 
not be discussed here) give rise to a natural potential difference across the layer, which 
will move the electrons in the conduction band. Ergo: an electrical current is achieved. 
However if the electrons have a large possibility of collisions on their way through the 
layer (the layer has high resistivity) not a whole lot of energy will be left once the 
electron comes out of the layer, if it comes out at all. In order to dissipate as little 
power as possible within the layer the light conductivity (conductivity when the layer is 
exposed to light) must be as large as possible, at least 10-5 n-1cm-1 (for layers with a 
typical thickness of 500 nm). This is where the hydrogen in amorphous hydrogenated 
silicon comes in. Amorphous silicon is by definition chaotic material. The silicon atoms 
are not arranged in a strict crystalline structure. The advantage of this is that the 
material is flexible; the disadvantage is that not all silicon atoms are neatly attached to 
4 other silicons but loose (dangling) bonds exist. These dangling bonds are scattering 
points for electrons and will therefore increase resistivity. To avoid the presence of 
dangling bonds hydrogen is attached to them. Although hydrogen also causes flaws in 
the structure, the effect of dangling bonds is minimized. It is believed that a hydrogen 
content of approximately 10 at.% is needed. Higher hydrogen concentrations will 
disrupt the silicon structure and packing density and is therefore not desirable. 

Another electronic effect that can be important is contamination with oxygen. Not only 
does oxygen disrupt the silicon structure, it also creates electronic states in the 
bandgap. As a result it becomes easier for electrons to fall back into the valence band 
and therefore the efficiency of the solar cell will decrease dramatically. The unwanted 
effect of electrons moving freely between valence and conduction band is closely 
related to the dark conductivity (conductivity if no electrons are actively put into the 
conduction band by means of the light). The dark conductivity should be as low as 
possible. 

From these very simple considerations a list of demands for an a-Si:H layer can be 
compiled. This list is given in table 1.1. 

layer property desired value 

band gap 1.6 - 1.8 eV 
refractive index 4.3 
hydrogen content = 8-15 at.%(::: 400-800 x 1019 cm-
light conductivity 3) 

dark conductivity > 5xl0-5 n-1cm-1 

< 10-10 n-1cm-1 

table J.Jlll 
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1.2 Plasma Beam Deposition 

The demands formulated in the previous section have been met by using Plasma 
Enhanced Chemical Vapor Deposition (PECVD) where a glow discharge is generated 
in silane (Sil-4). This technique has also been successfully implemented in the industrial 
production of amorphous solar cells. One of the cost deciding factors in the production 
of solar cells is the total production time. One of the problems with PECVD is the low 
growth rate. The growth rate for PECVD is typically of the order of several A per 
second. The maximum achieved is few nm per second. This means that a considerable 
amount of time is needed to deposit the intrinsic a-Si:H layer which needs to have a 
thickness of approximately 500 nm. 

Because high growth rates were achieved in the deposition of carbon by means of 
Plasma Beam Depositionc21 this technique was applied to try depositing a-Si:H at 
higher rates. In PBD (figure 1.2) a plasma is created by means of a cascaded arc. This 
plasma expands into a vacuum chamber in which a substrate is mounted. The beam of 
dissociated and/or ionized particles will reach the substrate where deposition will take 
place. The advantage of separating the region where the plasma is created from the 
deposition site is that, in theory, it gives greater control over the different phases of the 
deposition. For example, changing the input power will not lead to a change in 
substrate bias resulting in modifications in the ion flux. 

Cascaded Arc 

I I 
figure 1.2: PBD setup 

However many practical problems are added. For example, silane (the gas used as a 
supply of silicon) cannot be injected into the arc because deposition within the arc 
would cause the arc exit to close up. Nevertheless Meeusen131 showed by depositing 
several layers that met the first 3 demands from table 1.1 at a growth rate of 
approximately 15 nm/s that high growth rate and reasonable quality are not necessarily 
contradictory. An added advantage of having a completely different method of 
producing a-Si:H layers is that it will give more insight on the deposition process in 
general. Many questions that have arisen in PECVD and cannot be solved because of 
fundamental dependencies of variables in this deposition process may be resolved 
through comparison with PBD, vice versa 
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1.3 On the experiments in this report 

Building on the findings of MeeusenC3
l the work described in this report is focused on 

depositing layers with consistent properties (i.e. improving reproducibility). When this 
is achieved more research can be done on controlling layer properties and eventually 
improving them. 

5 

Many of the important properties (refractive index, bandgap, conductivity) are thought 
to be closely related to the hydrogen content of the layers. To measure hydrogen 
concentration the experimental technique of infrared absorption spectrometry is 
applied. Results from these measurements can be correlated to properties determined 
through other techniques. Hence a more complete view can be obtained on the 
influence of hydrogen content on other properties and sensitivity of these properties. 
Because similar experiments have been carried out on PECVD layers it will become 
possible to compare layers produced in PBD and PECVD. 

In order to vary the amounts of hydrogen incorporated into the layers, plasma 
parameters need to be changed. To monitor changes in the plasma the ion 
concentration in the plasma is measured. If correlations can be made between plasma 
parameters and the concentration of hydrogen in the deposited layer it may be possible 
to get more insight into the different processes involved in PBD of a-Si:H and their 
relative importance. 

The goal of the research in this report is therefore fourfold: 
1. Implementation of infrared absorption spectrometry (FTIR) for the determination 

of hydrogen content of PBD a-Si:H layers. 
2. Improving reproducibility. 
3. Investigation of the influence of plasma parameters on hydrogen content of the 

layers. 
4. Investigation of the influence of hydrogen content on other layer properties. 
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2. Diagnostics 

2.1 Fourier Transformed Infrared Absorption (FTIR) 

A Fourier transformed spectrum at infrared wavelengths (400-4000 cm-1
) is measured, 

using a Bruker IFS 66 Fourier Transform interferometer. A typical spectrum is shown 
in figure 2.1. Since the (vibrational) eigenfrequencies of different bond types are in the 
infrared regime several strong absorption peaks are present in the spectrum. The 
position of the peak is determined by the eigenfrequency of a certain bond type in a 
certain mode and consequently it is possible to identify different bond types by the 
position of the peaks. Different modes for Si-Hand Si-H2 are shown in figure 2.2. By 
integrating the absorption over a small frequency band around the resonance 
frequencies it is possible to determine the concentrations of the bonds in the layer. 

~- !" 1,A i>-

1.1 

/fl 

/\ 
SiH Silii 

SiH on voids 

0.8 ,___..___...___......__......_ _ _._ __________ _ 

0 1000 3000 4000 

figure 2.1: Infrared transmission spectrum 

In amorphous silicon layers the bond types that can be distinguished are Si-Hx. Si-H, 
Si-H2 and possibly Si-0 and Si-N. The different bond types and their eigenfrequencies 
are listed in table 2.1. 

The large peak at 640 cm-1 is the wagging mode for all Si-H bonds. At this frequency it 
cannot be determined in what configuration hydrogen is bound to silicon. Therefore, 
integrating the peak around 640 cm-1 will yield the total concentration of hydrogen in 
the layer. 
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At approximately 2000 cm·1 and 2100 cm·1
, the Si-H bonds are in stretching mode. A 

hydrogen atom that is bound to a Si atom which in its tum is bound only to other Si 
atoms will have its stretching mode at a slightly lower frequency than that of H atoms 
that have to share an Si atom (Si-H2). This makes it possible to distinguish between 
Si-H (2000 cm·1)and Si-H2 (2100 cm-1

) and determine their concentrations separately. 
This is important because only Si-H is desired and Si-H2 severely disrupts the a-Si 
structure and is believed to increase resistivity considerably. 
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However, clustered H atoms or hydrogen at internal voids also are more tightly bound 
to the Si and therefore will also have their stretching mode at a higher frequency, 
possibly at approximately 2100 cm·1 l4l. The designation of most peaks, but the 
2100 cm·1 peak in particular is cause for quite some discussionl51

• 

If Si-H2 is present in the layer, the bending modes of SiH2 and the polymerized 
configuration (SiH2)0 will absorb 850 cm·1 and 890 cm·1

• 

The different modes of Si-Hx are shown in figure 2.1. 

At 1050 cm·1 Si-0 is in resonance. Quite a lot of oxygen contamination is necessary to 
make this peak visible. If the 1050 cm ·1 is clearly present one can conclude 
immediately that the deposited layer is useless. Presence of the 1050 cm·1 peak 
immediately after deposition is a strong indication that there was a vacuum leakage 
during deposition. Appearance of the 1050 cm·1 peak at later times is caused by 
surface oxidation. The amount of oxidation may be related to the microstructure of the 
layer (a sponge-like structure or columnar growth). 

Group Wavenumber (cm-1
) Assignment 

SiHx 630 Wagging 
SiH 2000 Stretching 
SiH2 2080-2090 Stretching 

880 Bending 
(SiH2)n 2090-2140 Stretching 

890 Bending 
845 Bending 

SiO 950-1100 Stretching 
SiN 840-1000 Stretching 

Table2.1 
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COMPOSITION 
x 

Si-Hx MODES 

INFRA RED 

STRETCH BENO, ROCK OR WAG 

xxx 
2 

SYMMETRIC ASYMMETRIC BENO 
STRETCH --

-X ;z~ 
ROCK WAG 

figure 2.2: Normal vibrations of Si-Hx (x = 1-2) species. •,hydrogen; 
0, silicon.£61 
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Apart from the absorption peaks, an interference pattern can be seen in the 
transmission spectrum. This interference is caused by multiple reflection within the thin 
amorphous layer (figure 2.3). The interference is completely determined by the optical 
thickness and the reflection coefficients at the layer boundaries. Analyzing this pattern 
will yield the true thickness and the refractive index. These parameters are necessary to 
unambiguously determine the absorption at the peak positions. 

c-Si a-Si:H 

figure 2.3: Multiple reflection 
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Quantification: 

To extract the values of the concentrations of the various bond types from the 
transmission spectrum, it is necessary to detennine the real part of the refractive index 
and the layer thickness. As mentioned above, this can be done by analyzing the 
absorption free parts of the spectrum. It is possible to detennine a model function for 
these regimes that is dependent only on thickness d and refractive index n. 

The refractive index of a-Si:H is complex and can be written as: 

n = n-ik (1) 
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where k is the extinction coefficient k can be related to the absorption coefficient a by 

41fk 
a=- (2) 

l 

1Mth d tbe thickn@ss eif the absmbing lay.er an~A. the wavelength. At the absorption 
free regions in the spectrum, it follows from ( ) that the extinction coefficient is 0 and 
the refractive index is real. However, in the detennination of a model function for the 
transmission the refractive index is always taken complex. Real and imaginary parts 
can be separated afterwards. 

The complete spectrum can be analyzed by using simple electro-magnetism. For 
infrared absorption the amorphous layer is deposited on a crystalline silicon substrate. 
The light is incident from the rear of the substrate. Part of this light is transmitted into 
the substrate and will be denoted by Ea. At the substrate/layer interface part of the light 
will be reflected. Because the substrate is polished only at the substrate/layer interface, 
no multiple reflection will take place within the substrate. After transmission through 
the substrate layer boundary, the first forward going wave E11just before reaching the 
layer/air boundary can be related to the incoming wave Ea by 

E E -i91 
it = o t.ri e (3) 

h · th · · ffi · th b te11 · rf d 21fnd w ere t,1 lS e transm1ss1on coe 1c1ent at e su stra ayer mte ace, an <p = 
2 

is the (complex) phase change of the wave after passing through the layer once. 

The first returning (or backwards traveling) wave in the layer, E1b,just before reaching 
the layer/substrate interface, can be written as 

(4) 

where rw is the reflection coefficient of the layer/air boundary. 



After reflection at the layer surface interface there will be a second forward and 
consequently a second backward traveling wave: 

E E -3iq> 
2/ = 0 tsl 1io rLs e 

E E 2 -i4q> 
2b = 0 tsl 1io rLs e 

Finally the nth forward traveling wave follows 

E _ E t n-1 n-1 -iq>(2n-1) 
nf - 0 sl 1io 'r.. e 

(5) 

(6) 

The equation of the total wave transmitted through the layer is found by adding all 
forward traveling waves and multiplying by the layer/air transmission coefficient, t1a: 

The transmitted intensity of this wave can now be calculated: 

where ~ and 9t denote imaginary and real parts. The transmission through a bare 
substrate without an amorphous layer is used as the reference signal and can be 
expressed as 

where ts0 is the transmission coefficient of the substrate/air interface. 

The intensity of the reference signal I ref is given by 

(7) 

(8) 

(9) 

/ref = ~ 80 IEol
2 

ltsol
2 

(10) 

The measured Transmission is defined as the transmitted intensity of a substrate with 
an amorphous layer divided by the intensity of a substrate without a layer and can now 
be calculated: 

(11) 

For ideal interface surfaces the Fresnel equations are valid for the reflection and 
transmission coefficients. Because the complex parts of the refractive indices of air and 
the c-Si substrate are negligible, the Fresnel equations are: 



t.1 = 
2n, 

n, + n1 
~ 

I 
1
2 4n; 

t,z = ( )2 k2 n, +n + 

2ii1 
~ 

I 12 - 4(n2 +e) 
t10 = - tzo - 2 

nz +no (n+n0 ) +k2 

t,o = 
2n, 

=> I 
1
2 _ 4n; 

t,o - ( )2 n, +n0 n, +n0 

no -nz I 
1
2 _ (n0 -n)

2 
+k2 

'io = - 'io - 2 
no +nz (n0 +n) +k2 

n, -n1 
~ 

I 12 - (n. -n)2 +k2 
'1s = - t l - 2 

n. +n1 • (n,+n) +k2 

The transmission now only depends on refractive index, n, and thickness d of the layer 
and the refractive indices of air and substrate. The latter two are taken to be constant 
(no= 1, and ns = 3.42171) so that in the absorption free regimes where k = 0, the 
transmission is only dependent on n and d. 

Now that n and dare known, the extinction coefficient k is the only unknown 
parameter in the absorbing regions of the spectrum. However, due to the form of 
Eq. (11) it is impossible to explicitly calculate k. It is therefore necessary to choose a 
model function for k, which can be fitted to the measured spectrum. As a model 
function a Gaussian curve is chosen for each absorption peak. k can now be written in 
the form: 

(12) 

The parameters K;, CJ; and x; can be varied to make a least square fit of Eqs. (11) and 
(12) to the measured spectrum. 

To be complete it should be noted that by choosing a model function fork only, 
leaving n constant even in absorbing regions, the Kramers-Kronig dispersion relation 
was neglected. The Kramers-Kronig relation predicts changes in the film refractive 
index in the region of an absorption band. However, Tzolov et al. 181 have shown that 
the maximum deviation of the transmission from the model used here is 5% but that 
because of the symmetry of this relation most of this effect will cancel out after 
integration. The error in refractive index is estimated to be much less than 1 % 

The integrated absorption is defined as: 

]. = J!!...d(I) = 4JCK. I I (I) 
(13) 



The concentration of bonds in a certain mode is given by: 

N; =A/; (14) 

where Ai is the proportionality constant for mode i (in cm-2
). 

If the Si-H bond is regarded as a harmonic oscillator, the theoretical value of A; isl91: 

A= cnµm; 
l 2 2 .2 

Tr e; 
(15) 

where c is the speed of light, µ is the reduced mass, roi is the frequency of the mode 
and e; is the effective charge of the dipole or oscillator strength. 

Langford et al. uoi have proposed effective charges of 0.47, 0.39 and 0.26 for the 640, 
2000 and 2100 cm-1 bands. These values lead to proportionality constants of 
A64o = 2.1x1019 cm-3

, A2000 = 9.0 x 1019 cm-3 and A1100 = 2.2 x 1020 cm-3 for the bands 
of interest However recently Daey Ouwens et al. 151 find that with an effective charge 
of 0.47 for the 640 cm-1 mode the 2000 and 2100 cm-1 modes have equal oscillator 
strengths of 0.37. From this it is clear that there is still some discussion going on 
about these proportionality constants and, consequently, about the concentration of a 
certain bond type in the layer. An effort will be made to determine absolute or relative 
oscillator strengths for the plasma beam deposited layers. 

An overview of the procedure followed to determine the various parameters is given in 
figure 2.4. 

Absorption 
peaks 

Oscillator 
strength 

figure 2.4: Flowchart of the procedure followed to extract refractive 
index nllb thickness d and hydrogen contents Nib Nsill and Nsil/2· 



2.2 Spectroscopic Transmission in the 1-3 e V Regime 

Transmission spectrometry is performed to 
determine bandgap and other optical 
properties of the layer in the visible 
spectrum between 1and3 eV. 
A cascaded arc containing an argon plasma 
provides a high intensity continuous 
spectrum. This light passes through the 
sample and a Pellin-Broca prism and is 
detected using a photo diode array. The 
measured spectrum is used to determine the 
optical bandgap and Urbach tail of the a
Si:H layer. Also thickness and refractive 
index are determined for the non-absorbing 
region of the spectrum. The substrate used 
is Corning glass 7059. 

In amorphous material the bandgap cannot 
be sharply defined due to the presence of 
tail states. Qualitatively the absorption as a 
function of energy is given in figure 2.51111• 

Region A is caused by defect states 
between the valence and the conduction 
bands. Absorption in this region is minimal. 
Absorption in region B is caused by 
transitions between tail states. The energy 
span of region B is the Urbach width and is 
a measure for the amorphicity of the 
material. The valence and conduction band 
are usually defined by using the definition 
of Taucl121 (figure 2.6). The absorption in 
region C is then caused by transitions of 
electrons from the valence into the 
conduction band and defines the bandgap of 
the material. 

Quantification 
The transmission can be described with a 
formula similar to Eq. (11): 

10• 

10• 

~ 102 
I 

1()0 

10 - 1 

E (eV) 

figure 2.5: Absorption as a function of energy 

E 

I 
figure 2.6: Band structure for amorphous material. 
The solid line indicates the definition used by Tauc 



TR = IT 
[ref 

(16) 

The changes in the equation are caused by the reference which in this case is the 
spectrum of the light source instead of the spectral response of a bare substrate. 
Refractive index and thickness of the layer are found by fitting Eq.(16) to the spectrum 
in the non absorbing region from 1.4 to 1.8 eV. The refractive index is approximately 
linear with frequency in this regime. 

In the region of the Urbach edge (region B) the absorption is approximately 
exponential with energy. The Urbach width is defined by the relation: 

where 

( E-E") 
a.(E) = a.o . e Eo 

Eo: The width of the Urbach edge 
E*: A constant, taken to be 2.2 evll3l 

a.a: Absorption at E* 

(17) 

Relation (17) can be inserted in Eq. (16). n can be extrapolated from the lower energy 
region where it was fitted earlier. It is now possible to fit a.a and Urbach width Ea. The 
value of Eo in device quality layers is approximately 0.08 eV. 

In the higher energy region (C) the influence of interference caused by multiple 
reflection within the layer is negligible (less than 1 % ). This makes it possible to extract 
absorption directly from the measured spectrum in this region. The transmission can 
now be written as 

(18) 

hence a.( E) can be calculated: 

a.(E) = _ _!.. ln(-I:_'R_) 
d TR(a. =0) 

(19) 

Following Tauc, the density of states of the valence and conduction bands are assumed 
parabolic (figure 2.5). The bandgap Egap is then defined using the definition of Tauc by 

1 

E- E8ap - (a.(E) · n · E)2 (20) 

Inserting (19) in this equation results in 
1 

E - E8ap -(- n ~E ln(%ccx=O)) Y (21) 

For energies in region C (still well below Egap) this is approximately linear with energy. 
When extrapolated, the intersection with the energy axis yields Egap· 
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2.3 In Situ Ellipsometry 

To determine the refractive index during the growth process, in situ ellipsometry is 
used. The ellipsometer consists of a HeNe laser (wavelength: 632.8 nm), a polarizer 
and a rotating analyzer followed by a photo diode, all positioned in a plane 
perpendicular to the sample (figure 2.7). 

15 

The linearly polarized light is incident on the sample. Because the reflection 
coefficients of the components parallel to the plane of incidence and perpendicular to 
this plane are different, the reflected light will in general be elliptically polarized. From 
the change in polarization, the complex refractive index can be determined. 

figure 2.7: In situ ellipsometry 

When light is incident on the sample the reflection coefficients for the two components 
are given by the Fresnel coefficientsu41: 

ii/ COS~o - no COS~o 
rP = - -n1 cos~0 + n1 cos~, 

n0 cos~0 - ii1 cos~, r= 

(22) 

s -n0 cos~0 + n1 cos~, 

Here, p stands for parallel and s for senkrecht or perpendicular. <p1 is the angle at 
which the light is transmitted into the layer which follows from Snell's law. 

The ratio of the reflection coefficients, p, is usually written as a complex number 

r .• 
p = ....!!... = tan'¥ elu 

rs 
(23) 
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'¥and ll are known as the ellipsometric angles tan'P is the ratio of the relative changes 
in amplitude of the two components of the reflected light: 

tan 'JI= IEP,1. IEsil 
IEpil IEsrl 

ll is the phase difference between the incoming and reflected components: 

ll=8 -8. r I 

(24) 

(25) 

where o, and Oi are the phase differences between p and s components of the reflected 
and incoming waves respectively. For linearly polarized incoming light oi = 0. 

A complete description of the effects of the different elements in the setup (i.e. 
polarizer, analyzer, sample) using Mi.iller matrices and Stokes vectors can be found in 
refs. C131 and U

5
l_ It can be deduced that the intensity of the light at the detector is given 

by: 

Id = C/0 (1- cos 2A cos 2'1' +cos 2A cos 2P-

cos 2 'I' cos 2P +sin 2A sin 2 'I' cos ll sin 2P) 

C represents all losses in the system 
lo is the intensity of the incoming beam 
A is the angle of the analyzer with respect to the plane of incidence 
P is the polarization angle with respect to the plane of incidence 

(26) 

The analyzer is rotating at constant speed d A = n. Therefore the intensity can be 
dt 

expanded into a Fourier Series: 

with coefficients: 

Id= g(l+acos2!lt+bsin2!lt) 

g = C/0(1-cos2Pcos2'1') 

cos 2P-cos 2'1' 
a=------

1-cos2Pcos2'1' 

b = sin 2P sin 2'1' cos ll 
1-cos 2Pcos 2'1' 

Id is measured at P=45°. a and bare now simplified to 
a= -cos2'1' 

b = sin 2 'I' cos ll 

Measuring Id will (through Eq.(27)) yield a and band from Eq. (29) '¥ and /l. 

(27) 

(28) 

(29) 
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Calibration. 
In order to orientate the polarizer and analyzer one has to find the P = 0 and A = 0 
angles. Therefore it is necessary to perform a calibration. 

To find P = 0 an argument calibration is performed. The argument arctan{b/a) is 

measured for values at P + TC/4 and P - TC/4 (with P close to Po). The difference <I> 
between the arguments at P + 1C/4 and P - TC/4 is an even function with respect to Po. 
The minimum of a parabola fitted through values of tan<I> will yield Po. 
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Measurements usually start at angles of A = ex., ex. ~ 0. Therefore the measured values 
a' and b' will deviate from the theoretical values a and b. The measured values can be 
transformed using 

(
a')= ( co.s a sin a)(a) 
b' -sma cosa b 

(30) 

The values of coscx. and sincx. can be found by a clever choice of the angle P. The two 
possibilities are P=O and P=90 degrees. At P=O it follows from Eq. (28) that a=l and 
b=O. At P=90 it follows that a=-1 and b=O. In both cases ex. is found directly from 
measurements of a' and b'. However, for calibration on c-Si the latter is preferred. 
Because rp is very small for c-Si, the signal at P=O is very small which means that there 
will be a bad signal to noise ratio at this angle. 

Measurements and interpretations. 
Interference due to multiple reflection within the deposited layer (chapter 2.1) will 
cause oscillations in the detected intensityu61• If the layer is deposited with a constant 
refractive index and at a constant rate, the growth rate Vg is related to the period 't of 
the oscillations by 

(31) 

with cpo: the angle of incidence. 

The absorption within the deposited layer will damp the oscillations in Id during the 
growth of the layer. If the layer becomes thick enough all transmitted light is absorbed; 
Id has reached its convergence point This point of convergence is determined only by 
direct reflection and is used to fmd the refractive index. 

Ellipsometry is based on reflection and is therefore sensitive to the surface structure of 
the material. A surface roughness or toplayer31 is assumed to account for the 
inhomogeneity of the surface. The reflection from such a toplayer can be modeled 
using an effective medium approximation. 
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For an effective medium that consists of media a and b the effective dielectric constant 
& is related to dielectric constants of the two media by (Bruggemani171

: 

- - - -s -s s -s 
£ a +f, b -0 
Ja - 2- b - 2- -

Sa+ S Sb+ S 

where fa and f,, are the volume fractions of a and b. 

& is related to the refractive index by: e = s, -is2 = (n2 -k2)-i2nk. 
For a top layer ea is the dielectric constant of the deposited material and e b the 
dielectric constant of the surrounding medium (s0). f,, is the void fraction and 

fa = (1- J,,). 

(32) 

The convergence point of Id in this model is determined by direct reflection from the 
toplayer and by multiple reflection within this toplayer. The point of convergence is 
therefore dependent on refractive index ii , void fraction f,, and thickness of the 
toplayer d1op· However, the convergence point only yields the two coefficients a and b 
(or 'I' and A). To find any two of the four parameters involved it is necessary to know 
or choose the other two. The expected variations in k have no significant influence on 
the determination of the real part of the refractive index n, and is therefore taken 
constant: k = 0.15 for all layers. The second parameter to be chosen constant is the 
void fraction. If a low value is chosen for the void fraction, the toplayer thickness will 
be large and vice versa. The real part of the refractive index will not be influenced. The 
void fraction can therefore be chosen fairly arbitrarily: fb = 0.5 for all layers. 

To summarize: 
From the convergence point of Id the real part of the refractive index is determined. 
The period of the oscillations of h in combination with the refractive index will yield 
the growth rate. 

2.4 Langmuir Probe 

Because plasma conditions have great influence on the deposited layer it is necessary 
to be able to characterize the plasma. A fairly easy way of doing this is by means of a 
Langmuir probe inserted in the plasma. If a negative voltage is applied to this probe 
positive ions will be accelerated towards the probe while electrons are repelled. The 
current through the probe is therefore a measure of the ion density n;, the electron 
density ne and the electron temperature Te of the plasma. 

To apply the simplified probe theory of Swiftusi the plasma has to satisfy certain 
conditionsu 91: 
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I. Electron and ion concentrations are equal 
Quasi neutrality of the plasma justifies this assumption 

2. Electron and ion free paths are much larger than the probe radius 
The probe radius rp is 0.2 mm. Free paths are larger than 2 mm for ne, ni < l018m-3 

A 

and I; = 0.3 eV (typical values for the plasma used). 

3. Probe radius is much larger than Debye length 
'Av ""4 µm << rp (for ne, ni = l018 m-3 and ~ = 0.3 eV). 

4. The distribution of electron and positive ion velocities is Maxwellian 
This is believed to be the case. 

5. Electron and ion temperatures are approximately equal 
If this assumption is not valid, a presheath region must be assumed. This does not 
change the theory significantly. 

Under these conditions a cylindrical 
probe is immersed in the plasma. The 
potential Va applied to the probe can be 
varied so the probe can be at a higher 
or lower potential than the surrounding 
plasma. If the current Ip from the 
plasma to the probe is measured an I-V 
curve or probe characteristic can be 
determined. A theoretical probe 
characteristic is shown in figure 2.8. 

i 
I, 

+ 

E 

If a large negative voltage is applied 
(region A-B) even the most energetic 
electrons are repelled so the probe 
current consists of ion current I+ only. 
Because electrons are repelled and ions figun l.B: Probe characteristic 

A 

are accelerated towards the probe there will be an excess of ions near the probe 
surface. This layer of positive charge is known as the ion sheath. The sheath shields of 
the electric field from the probe. Consequently there is very little electric field outside 
the sheath. In the plasma conditions considered here the sheath is very thin, of the 
order of the Debye length. The ion current therefore consists of ions that enter the 
sheath through random thermal motion. Since the area of the sheath is relatively 
constant with applied potential in this region, the probe current remains fairly constant. 

At higher (less negative) voltages energetic electrons are able to reach the probe as 
well. The current decreases and becomes negative at voltages above Ve. Ve is known 
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as the floating potential and is the potential an insulated probe would reach. This 
potential is usually lower than that of the plasma because of the higher mobility of 
electrons compared with ions. 

20 

At higher potentials the current becomes negative. If the potential becomes larger than 
the plasma potential (D) electrons are no longer repelled but are accelerated towards 
the probe and ions are repelled. This results in formation of an electron sheath. The 
considerations for an ion sheath are also valid for an electron sheath so increasing 
potential further (D-E) will saturate the electron current. 

Quantification 
In these experiments a large negative 
voltage (- 10 V) will be applied to the 
probe. The sheath thickness is still 
assumed to be small. All ions entering 
the sheath will then be able to reach the 
probe surface. The potential 
distribution in the vicinity of the probe 
is given qualitatively in figure 2.9. The 
transitional quasi neutral region is 
present due to a withdrawal of ions 
from the plasma to the probe. Vs is the 
potential difference between the sheath 
edge and the undisturbed plasma. It is 
therefore defined as the potential at the 
point where electron concentration 
decreases appreciably. This means that 

v 
+ 

!'p T's 

v, -----

TRANSITIONAL 
QUASI-NEUTRAL 

REGION 

POSITIVE 
ION SHEATH 

'!"-

V1 must be sufficiently negative to repel figure 2.9: Potential distribution in the vicinity of a 
a significant fraction of electrons. If the negative probe 

electrons have a Maxwell-Boltzmann distribution Vs is defined by 

-eV ~ kT: 
s 2 

(33) 

Although the potential difference between the plasma and the edge of the sheath Vs is 
small it gives the ions a radial velocity Vs at the sheath boundary of 

v, = t2eV, 
m+ 

(34) 

where m+ is the ion mass. 

The ion concentration at the sheath edge is still approximately equal to the electron 
concentration. The electron concentration at rs (the sheath edge) was previously 
defined as 

eV, 

Ne(rs)=NrcekT, =K·Nrc (35) 
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where K = e-
112 ""0.6 if Te"" T+, and Noo is the electron concentration of the undisturbed 

plasma. 

The ion current can now easily be calculated: 

I+ = e N+('.) vsAs = K N00e {Ef As 
v-~+· 

(36) 

Because the thickness of the sheath is very small, As may be replaced by the probe 
surface Ap which is easily measurable. If Te is known, measuring I+ will yield Noo and 
because N+ ""Ne it will yield N+. 

The electron temperature can be estimated by measuring the floating potential \'f. At 
the floating potential the ion current equals the electron current to the probe (or any 
isolated object). The electron current can be written as 

(37) 

where Vp is the potential difference between probe and plasma, which equals the 
floating potential if no external potential is applied. lo is the random current density 
caused by the Maxwell velocity distribution: 

10 = -}N.V.eA, =-N.eA,~ kT,, (38) 
2mne 

with ve the mean thermal speed of an electron, and Ap the area of the probe. 

By combining equations (36) through (38) and assuming As ~ AP the electron 

temperature Te is found: 

(39) 

No direct measurement of \'f is possible, but if the plasma potential is assumed to be 
small the floating potential can be estimated by measuring the potential of a floating 
probe relative to ground. 

Summary: 
From measurements of I+, the ion (and electron) concentration N"° of the plasma can 
be determined. It is possible to estimate the electron temperature Te by measuring the 
potential of a floating probe. 
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3. Experiments 

3.1 Experimental Setup 

c)J He-Ne laser 
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figure 3.1: Deposition setup 

The plasma beam deposition setup is shown in figure 3.1. The setup consists of a 
cascaded arc which is the plasma source for the deposition (a detailed description of 
the cascaded arc is given in ref.1201). The plasma is allowed to expand supersonically 
into a vacuum chamber. In this chamber, at 32 cm opposite to the arc, a substrate 
holder with two substrates is positioned, perpendicularly to the expansion axis. 
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Argon is supplied at the upstream side of the arc. Hydrogen was first injected into the 
arc halfway. Later it was found that mixing argon and hydrogen first and supplying the 
mixture to the arc improved stability (more on this will be discussed in chapter 4). The 
Ar/H2 expands into the vacuum chamber through a nozzle. About 1 cm downstream 
from the nozzle silane is injected into the expanding flow. 

The setup makes it possible to influence many 
parameters such as the gas mixture, power 
supplied to the plasma and pressure in the 
vacuum chamber. Meeusen131 investigated the 
influence of many of these parameters on the 
refractive index which is thought to be a 
measure for the quality of the layer. From 
these experiments a working point was chosen 

Parameter 
Arc current 
Ar flow 
H2 flow 
srn.. flow 
Substrate temperature 

Value 
45A 
55 sects 
10 sects 
6 sects 

=250°C 

for the values of the different parameters that Table 3.1: Standard values 
would yield for the moment the optimum 



result. These values are given in table 3.1. During the experiments described in the 
following sections all parameters were held at constant value. Only the hydrogen flow 
was varied in the experiments described in chapter 3.3. 

In figure 3.1 also two of the diagnostics used are shown: the in situ ellipsometer and 
the Langmuir probe. The in situ ellipsometer is placed in such a manner that the 
incident laserbeam is at an angle of approximately 70° with respect to the normal of 
the sample. The Langrnuir probe is situated approximately 4 cm in front of the sample 
holder and approximately 5 cm from the expansion axis. 

3.2 Reproducibility 

In order to be able to draw any conclusions from measurements the measurements 
should be reproducible. As this was not the case at the beginning of the research 
reported here, quite some effort was put in improving reproducibility for the various 
measurements. There are basically two kinds of reproducibility that must be 
considered. First the measurements itself should reproduce and secondly the deposited 
layers should reproduce if the same set of plasma parameters is used. 

For the FI'IR measurements only the first kind of reproducibility is important; if the 
layer is measured several times the outcome should be the same within a reasonable 
spread. This is tested by measuring the same layer several times and under slightly 
different circumstances (i.e. rotating the sample, using different reference samples, 
measuring on a different day). From these measurements the accuracy of FTIR and a 
procedure for measuring the samples is derived. 

Similar experiments were carried out for spectrometry in the visible spectrum by 
Schaepkens1211• It was found that the instability of the cascaded arc that is used as a 
light source for these measurements is the main source of errors. Therefore a reference 
spectrum should be taken just before or after measurement of a sample. Typical errors 
for Egap and Urbach width Eo were estimated to be 0.04 eV (2%) and 0.02 eV (15%) 
respectively. 

For in situ ellipsometry it is much more difficult to determine typical errors of the 
measurements. This is due to the fact that a measurement cannot be repeated without 
turning the plasma off, replacing the sample and depositing an entirely new sample. 
Therefore these measurements are also dependent on reproduction of the layer. To get 
some information on the accuracy of the measurements several calibrations were 
performed for the same layer. 

The reproducibility of the probe measurements is similarly influenced, in this case by 
the plasma composition. An indication of the accuracy of the measurements is the 
noise during deposition of a layer. Because the setup for probe measurements is very 
simple it is assumed that all variations other than noise in the results from probe 
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measurements is caused by variations in plasma composition. The accuracy of the 
measurements is then typically< 5%. 
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The second kind of reproducibility considered is the reproduction of the plasma and 
the layers. If all input parameters are the same it would be expected that the plasma 
reproduces (variations in probe measurements < 5% ). Consequently also the deposited 
layers would be similar (all measured layer properties within the errors of the 
respective apparatus). However this is not the case and many layers are deposited to 
determine the reproducibility of the plasma beam deposition setup. Along the way 
improvements are made to the setup to try to improve reproducibility. 

3.3 Hydrogen Flow series 

As discussed before hydrogen content is believed to be an important property for an 
a-Si:H layer. In order to study the influence of the hydrogen content on other 
parameters it is necessary to vary the hydrogen content in the layers. The obvious 
hypothesis of how to achieve this is that varying the hydrogen concentration in the 
plasma will influence the hydrogen content of the deposited layer. Therefore hydrogen 
flow into the arc was varied between 3 and 15 scc/s in a random fashion. The 
reproducibility measurements at 10 scc/s are also used. 

From FI1R the total hydrogen concentration is determined. Other properties of the 
layers can thus be correlated with the total hydrogen content. Also, the way in which 
hydrogen is bonded to silicon is can be distinguished. This way the influence of a 
different configuration and possibly a different layer structure on layer properties is 
studied. 
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4. Results 

4.1 Reproducibility 

FTIR measurements: 
In figure 4.1 the results of the FfIR reproducibility measurements are shown. These 
results are obtained by measuring bare c-Si substrates. First a reference spectrum was 
measured. Figure 4.l(a) shows the variations that result after the sample is rotated 90°. 
Figure 4.1 (b) shows the variation if a spectrum is measured approximately 3 hours 
after the reference measurement. In figure 4.l(c) a different c-Si substrate is measured. 
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figure 4.1: Effects of variations in substrate orientation (a), time of measurement (b) 
and choice of substrate ( c ). ( d) shows the variation after introduction of the described 
procedure. 



The seemingly unimportant differences in the measurements show that variations of 5-
20% are possible. Because the interference pattern for layers with refractive index at 
infrared wavelengths of approximately 3.0 has an amplitude of less than 0.1, the 
measured variations make it virtually impossible to extract n and consequently d from 
the transmission spectra. If n and dare unknown it is impossible to determine 
hydrogen content with any sort of accuracy. 

To eliminate the variations the following procedure was introduced: 
1. Every substrate is measured before deposition 
2. The orientation of the substrate during measurement is marked by a small scratch 

on one of the comers 
3. A reference substrate is measured immediately before or after the sample substrate 

is measured 
4. After deposition the sample is measured, orientated the same as the bare c-Si 

before 
5. The reference substrate is measured again, also orientated the same as before 

This procedure was tested for a c-Si substrate (without deposition between steps 3 and 
4). The result is shown in figure 4.l(d). The second measurement for this figure was 
taken 3 weeks(!) after the first measurement. It was found that the measurements 
generally reproduced with variations less than 2%. It is now possible to extract the 
refractive index n from the interference pattern with an acceptable error of 
approximately 0.1. 

For a deposited layer the inaccuracies estimated after introduction of the procedure are 
given in table 4.1. These inaccuracies are believed to be acceptable. 

measured property symbol absolute error relative error 
refractive index n 0.1 3% 
thickness d 30nm 6% 
extinction i640 3 10% 

l2000 0.3 15 % 
i1100 0.3 15 % 

Table 4.1 

In Situ Ellipsometry: 
In figure 4.2 the refractive indices measured by ellipsometry and deduced from FTIR 
spectra are shown for a number of deposited layers. It was noticed that the spread in 
refractive index from ellipsometry nHeNe was considerably larger than the spread in n1R. 

from FTIR. This was cause of some concern, especially because the spread is ± 1 
which makes it impossible to characterize a sample or even to distinguish between a 
(very) bad or (extremely) good sample from ellipsometry measurements. As a 
consequence the reproducibility of the measurements was investigated before trying to 
attempt to better reproduce the layers. 
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figure 4.2: Measured refractive indices at lnfrared and He-Ne wavelengths 

Reproducibility was investigated by calibrating several times on the same substrate. 
Out of habit calibrations were performed for P = 0°. Unfortunately for P = 0° the 
reflected intensity has its minimum for reflection off a c-Si substrate. Noise at this 
polarization angle can be as large as 15%. The spread in calibration values will lead to 
errors in refractive index as high as 20%. The value of ii that corresponds to the 
calibrated ('If, A)-points in figure 4.3(a) is ii= (3.1±0.4)-(0.9±0.4)i. At P = 90° the 
reflected intensity has its maximum. Noise at this polarization angle is less than 1 %. 
By calibrating at P = 90° the spread in refractive index to less than 1 %. Calculating 
the refractive index from the calibrated ('If, A)-points of figure 4.3(b) yields 
ii= (3.87 ± 0.05)-(0.4 ± 0.3)i (the literature value for ii c-Si is 3.88 - 0.15i). To this 

error caused by spread in calibration values the error from determining the point of 
convergence must be added. The total uncertainty in the determination of refractive 
index of a deposited layer is estimated to be± 0.1 (3%) if calibration is performed at 
p = 90°. 
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figure 4.3: Calibrated ('If, L\) points at P = 0° (a) and P = 900 (b) 

Growth rate is detennined from 
ellipsometry by plotting time versus the 
number of periods of \f since the start of 
the deposition. This is done for one layer 
in figure 4.4. The time constant 't is found 
from the slope of the curve. It is clear 
from this figure that the rate of deposition 
is constant. This was observed in all layers 
considered here. It is estimated that 't can 
be determined within an error of 0.1 s. 
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figure 4.4: Time vs. oscillation period for the 
determination of 't. 
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From the left part of figure 4.2 it is clear that the deposited layers do not reproduce 
within a reasonable spread (even for refractive indices at infrared wavelengths, where 
calibration does not play a role). Many small changes were made during the period of 
the first 40 depositions but none seemed to improve reproducibility significantly. 
Therefore the entire deposition process including diagnostics became subjected to 
critical examination. At this point the error in the calibration procedure was found. 
Also the measurement procedure for FTIR was introduced. A third improvement 
concerned the plasma. It was noticed that when H2 was injected into the arc, the 
plasma became unstable. Only after several seconds and for a limited range of the 
hydrogen flow, the plasma became reasonably stable but it was noticed that the light 
coming from the plasma after it became stable was much lighter than expected. This 
would indicate that more Ar-lines were present, which suggests that Ar and H2 were 
not mixed properly and H2 was not dissociated and ionized fully. To improve mixing 
the Ar and H2 were fed together into cylindrical tubec221

• This mixture was then fed to 



Chapter 4: Results 29 

the arc. Opening the H2 flow now results in a much more stable transition from an Ar 
to an Ar/H2 plasma. 

After these changes reproducibility of the layers (or at least of the refractive index) 
improved drastically, as can be seen from the right hand part of figure 4.3. The 
standard deviation of the values of the measured properties is given in table 4.2. All 
results presented hereafter are layers deposited using the mixing tube and the improved 
measuring procedures. 

Measured property Value Device Quality 

nHeNe 4.3 ±0.2 4.3 
n1R 3.25±0.05 3.55 
i64o 21 ±4 20 (10 at.%) 
iwoo 2.8 ± 1.1 4.1 
l2100 0.8 ±0.4 0.2 
Exap (eV) 1.72±0.03 1.75 
Eo (eV) 0.18±0.01 0.08 
Vx 14.9 ± 1.0 nm/s 
I+ 18.1 ±0.8 µA 

Table 4.2: Average values and standard deviations 

If the standard deviations of table 4.2 are compared with the errors given in table 4.1 it 
must be concluded that the integrated absorptions and, to a lesser extent, the refractive 
index at HeNe wavelength nHeNe. do not reproduce within the inaccuracies of the 
measurement. Therefore it must be concluded that there is a spread in the properties of 
the deposited layers. This will be investigated further in the next sections. 

4.2 Hydrogen Flow 

The effect of changes in the hydrogen flow to the plasma is shown in figures 4.5 and 
4.6. The first result is the dependence of hydrogen content in the layers (figure 4.5). 
There is no apparent correlation between the amount of hydrogen supplied to the 
plasma and the concentration of hydrogen in the layer. 
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figure 4.5: Dependence of hydrogen content in the deposited layer on hydrogen 
flow in the plasma 

The stack of points at 10 scc/s H2 are the results of the reproducibility measurements. 
After these measurements the amounts of hydrogen supplied to the plasma was varied 
in a random fashion. During this series a layer was once again deposited with 10 scc/s 
H2 but, as can be seen in the figure, the hydrogen content of the layer was considerably 
larger than during the reproducibility measurements. Whereas during the 
reproducibility measurements the hydrogen content of the layers reproduced almost 
within the inaccuracy of the measurement, varying the hydrogen flow to the plasma 
induced variations much larger than these inaccuracies. It will be shown later 
(section 4.3) that these variations correlate with refractive index and are therefore not 
likely to be caused by errors in the measurements. With this in mind, the only direct 
conclusion that can be drawn from figure 4.5 is that although varying the hydrogen 
flow to the plasma seems to influence hydrogen content of the deposited layer these 
changes cannot be controlled by hydrogen flow alone. It must consequently be 
concluded that the amount of hydrogen supplied to the plasma only influences the 
amount of hydrogen deposited through second or higher order effects. This is also 
confirmed by the results presented in figure 4.6(a) and (b) where refractive index and 
bandgap (both layer properties) are plotted against the hydrogen flow. 

The fact that the hydrogen content of the layer deposited at 10 scc/s H2 during the 
hydrogen flow series (figure 4.5) differs significantly from the layers during the 
reproducibility series also indicates that reproducibility may be strongly dependent on 
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the history of the plasma and the depositions. This may mean that the variations given 
in table 4.2 can only be achieved after depositing under the same conditions for quite 
some time, so that vessel, arc or other elements are conditioned and some sort of 
equilibrium exists during all depositions afterwards. Changing hydrogen flow (maybe 
any parameter at all) may result in a disturbance of this equilibrium and large variations 
in the properties of the deposited layers are possible. This may explain the absence of 
apparent correlation and the large spread in the data from figure 4.5. More research 
will need to be done before solid conclusions about this can be drawn. 

The measured ion current to the probe does seem to show some correlation with 
hydrogen flow (figure 4.6(c)). From this it can be concluded that increasing the 
hydrogen flow will lower the degree of ionization in the plasma at the position of the 
probe. Also growth rate is correlated with hydrogen flow (figure 4.6(d)). These two 
results together shows that the local plasma composition depends (also) on hydrogen 
flow, and that possibly the plasma composition in its tum influences growth rate and 
therefore the deposition process. To study where this line of thought leads to, a simple 
model of the reactions that take place in the plasma can be considered: 

In the arc the following reactions will take place: 
Ar+ +H2 -tH+ArH+ 
ArH+ + e -t Ar+ H* 
H+ +Hv.J -t H+ +H 

2 2 

H; +e-tH+H 
From these equations it is clear that increasing the flow of hydrogen to the arc will 
result in a large supply of atomic and/or ionic hydrogen. The observed drop in I+ with 
increased hydrogen flow is in agreement with the experiments of Qingl231. Results of 
De Graaf show that above approximately 3 scc/s H2 the plasma can be considered a 
hydrogen plasma, with no ionized Ar leftl221. When silane is injected just behind the 
nozzle it is dissociated through the following reactions: 
SiH4 + H+ -t Sill; + 2H 

SiH; +e-tSiH2 +H 
Because the ion concentration is low at the hydrogen densities considered here the 
dominant dissociative reactions will most likely be: 
SiH4 + H -t SiH3 + H2 
SiH3 + H -t SiH2 + (2)H<2> 
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figure 4.6: Refractive indices (a), bandgap and Urbach width (b), ion saturation 
current ( c ), and growth rate ( d) as a function of hydrogen flow to the 
plasma 

Because high growth rates do not coincide with higher ion densities, it must be 
concluded that the depositions are determined by SiHx radicals. The reactions show 
that larger amounts of atomic or ionic hydrogen result in increased production of 
radicals, hence a higher flux of particles that can be deposited. This may explain the 
higher growth rate for higher H2 flow. 

I 

It is believed that after the radicals are deposited the excess of hydrogen is abstracted 
from the surface of the layer through the reaction 
SiHx + H ~ SiH1 _ 1 + H2 

where the H2 is removed by the plasma flow. 

16 

Consequence of this is that an increase in the flux of atomic hydrogen to the sample 
leads to a higher abstraction rate for excess hydrogen in the layer. Qualitatively this 
can explain the fact that hydrogen content in the layer is not correlated to the hydrogen 
flow: both rate of deposition and rate of abstraction are increased by an increase in the 
hydrogen flow. Therefore the hydrogen concentration of a layer depends on which one 
of these processes is dominant This may depend critically on factors such as pressure 
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in the vessel, temperature of the substrate, hydrogen desorption from the vessel walls, 
etc., and a large spread in hydrogen concentration in the layer can result, just as 
observed. 

Another possible explanation for the 
correlation of ion saturation current and 
growth rate on hydrogen flow is that 
increasing the total flow will slightly 
increase pressure in the vacuum chamber. 
This will result in a narrowing of the beam 
as indicated in figure 4.7. If the probe is 
positioned far enough from the beam axis a 
decrease in the ion current will be recorded. 
The result at the substrate will be an 
increase in overall particle flux which 
explains the increased growth rate. Just as 
in the previous explanation the increase in 
flux of particles that can be deposited will 
coincide with an increase in (atomic) 
hydrogen which will etch away excess 

pouibleprollt 

Position from beam axis (a.u.) 

figure 4.7: Possible cha.nges in particle (ion) 
density due to increased pressure. 

hydrogen at an increased rate. However, calculations show that in order to explain the 
drop in hydrogen saturation current as observed in figure 4.6(c) by pressure changes of 
10-40%, the probe needs to be displaced from the beam axis by 1-2 times the radius of 
the beam. Because the probe is at a distance of approximately 5 cm from the beam axis 
this means that the beam can only be 5-10 cm in diameter at the probe position. Visual 
inspection of the beam shows that the beam diameter is closer to about 20 cm. This 
means that the effect described here can only partially explain the observed effects. 

The two explanations are not excluding one another. They amount to the same and are 
based on the same assumption, namely that to explain the observed increase in growth 
rate with the absence of a clear increase in the amount of hydrogen in the layer both 
radical flux and hydrogen flux must increase. 

One more observation should be made at this point. Combining figures 4.6(a) and (d) 
seems to indicate that higher growth rate does not necessarily result in a lower 
refractive index at the used settings. Because this is a fairly important observation the 
correlation between refractive index and growth rate is made explicitly. The result is 
shown in figure 4.8. A slightly significant decrease in refractive index (especially at 
HeNe wavelength) seems to occur at growth rates above approximately 17 nm/s. 
However this is based on 5 points only. More research will be necessary to determine 
the significance of this observations. 
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figure 4.8: Refractive index for layers grown at different growth rates. 

4.3 Hydrogen content 

Although there is no clear correlation between hydrogen flow and hydrogen 
concentration in the deposited layers a large variation in the hydrogen content was 
achieved. This makes it possible to investigate the influence of hydrogen in a PBD 
a-Si:H layer on optical properties. In figure 4.9 refractive index from ellipsometry and 
from FTIR are plotted as a function of total hydrogen content. The straight line formed 
by refractive index from FTIR as a function of hydrogen content is cause for 
confidence in the measurements as well as the determination of parameters from these 
measurements since these parameters are deduced indirectly, through a fitting 
procedure, from measured data as was discussed in chapter 2. Furthermore nHeNe and 
hydrogen content are obtained from independent measurements yet they correlate well. 
Figure 4.9 explains the variations in refractive indices and hydrogen content found in 
the reproducibility measurements (section 4.1): the spread is actually caused by 
differences between layers, not by inaccuracies from the measurements. This result 
supports the estimates of the accuracies from table 4.1. 
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figure 4.9: Refractive index as afu.nction of total hydrogen content. The 
lines indicate Effective Medium Approximations. The dashed line gives the 
theoretical values of refractive indices for void free layers. The solid line is a 
least squares fit. 

It is clear from figure 4.9 that an increase in hydrogen content lowers the refractive 
index of a layer, albeit more at the He-Ne wavelength (632.8 nm) than at infrared 
wavelengths. An explanation for the decrease in refractive index could be that the 
presence of a hydrogen atom means the absence of a silicon atom. In this view 
hydrogen causes small voids in the otherwise pure amorphous silicon. In such a 
medium that consists of a mixture of media the Effective Medium Theory (EMA) 
introduced in chapter 3.3 can be applied to calculate the effective refractive index. 

Applying Eq. (32) yields: 

(1 _ !. ) e Si - e !. 1- & = 0 
v - 2- + v 2-

Esi + E 1+ E 

where: e s;: the dielectric constant of the hydrogen free amorphous silicon 
e : the dielectric constant of the effective medium 
fv: the void fraction, here the volume fraction of hydrogen 

Eq. (40) can be rewritten to obtain & as a function offv: 

(40) 
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E = _ (3eSi -3)/.. + 1-2eSi -~((3-3Esi)fv + 2ESi -1)
2 

+ 8SSi 

4 

36 

(41) 

If a least squares fit is made to the data of figure 4.9 (indicated by the solid line)under 
the assumption that all & are real, the volume fraction occupied by hydrogen fv is 
found to be (2.7±0.5)x10-29

. N H (NH in m"3
) with e Si= 13.4 and 21.8 for infrared and 

HeNe wavelengths, respectively. 

The average volume occupied by all atoms in device quality a-Si:H can be estimated. 
The density of those layers is 2.2 g/cm3 for layers with 10 at.% hydrogen (atomic 
weight is then 25.3 g/mol). The particle density is found to be 5.2 x 1028 m·3

• The 
average volume occupied by each atom in these layers is 19 x 10·30 m3

, which is less 
than the volume needed to explain the decrease in refractive index found in these 
experiments. 

Mui and Smith£241 have modeled a-Si using silicon centered tetrahedra. They found that 
the average volume occupied by a hydrogen atom is approximately 0.45 the volume 
occupied by a silicon atom. The volume of a hydrogen atom would now be 
approximately 10 x 10·30 m3

• Using this assumption, the refractive indices have been 
calculated as a function hydrogen concentration. The result is given in figure 4.9 by the 
dashed lines (the previously found permittivities have been used). 

It is clear from these considerations that the value found for the volume occupied by 
hydrogen from the EMA fit to the data is considerably larger than the calculations of 
Mui and Smith. It is also significantly larger than the average volume occupied by all 
atoms in device quality a-Si:H. An explanation for this could be that with an increased 
hydrogen concentration extra voids are created in the layers. If the dashed line (Mui 
and Smith) is regarded as the decrease in refractive index for void free layers, the solid 
lines are indications for the amount of voids that is created. If the void fraction is taken 
to be approximately linear with the hydrogen content of the layer, the void fraction/vis 
17 x 10-30 N8 • This would mean that at 10 at.% hydrogen, the void fraction of the layer 
is also approximately 10%. 

Bandgap and Urbach width do not seem to depend very much on the amount of 
hydrogen in the layers (figure 4.10). They are not only hardly correlated also their 
spread is not significant (comparable to the inaccuracies of the measurements). It must 
therefore be concluded that bandgap and Urbach width are independent of hydrogen 
content at the concentrations measured in these experiments. This is in agreement with 
the findings of Meiling£251 who found that band gap starts to decrease at hydrogen 
contents lower than 8 at.% (400 x 1019 cm-3

) and increase at hydrogen contents higher 
than 25 at.% ( 1300 x 1019 cm-3

) which is just at the extremes of the values obtained 
here. 



2.0 

1.9 

1.8 

~ 
tlJ:; 1.7 

1.6 

1.5 

0.30 

0.25 I 

f I~ 
0.20 iII IIII 

j~ rIIrI > 0.15 
~ 

I WO 0.10 I 
0.05 

0.00 
400 600 800 1000 1200 1400 400 600 800 1000 

NH (x 1019 cm"3) NH (x 1019 cm·3) 

(a) (b) 

figure 4.JO:Dependence of bandgap (a) and Urbach width (b) on 
hydrogen concentration in the deposited layers 

qII 

1200 

The value for Egap of 1. 72 ± 0.04 e V also is in good agreement with the PECVD layers 
measured by Meiling. In order to compare these properties of the PBD layers with 
those from PECVD the results of Melling are shown in figure 4.11. The results from 
the PBD layers are also drawn in this figure and are indicated by crosses. Meiling uses 
a different definition for the bandgap (cubic instead of parabolic). The bandgaps of the 
PBD layers have been adjusted to make comparison possible. The bandgap from PBD 
layers is somewhat smaller than those measured by Meiling. However, the difference is 
not large and may be explained by a systematic error in the measurements. The 
conclusion that can be drawn from this figure is that PBD and PECVD layers are 
comparable with regard to the bandgap. The importance of this observation lies in the 
fact that extensive research has been performed on layers produced by PECVD. If 
there is confidence that the layers produced by PBD are comparable, the results from 
research on PECVD layers may be applied to PBD layers. 
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4.4 Si-H, Si-H2 and Si-Hon voids 

As mentioned earlier, a key feature of FfIR is the fact that different bond types can be 
distinguished. If only one hydrogen atom is bonded to a particular silicon it will have 
its stretching modes at approximately 2000 cm-1. If on the other hand two hydrogen 
atoms are attached to the same atom they will have their stretching mode at 
approximately 2100 cm-1. Difficulties arise from the so-called Si-Hon voids or 
clustered monohydrides. These are bonds between a silicon atom that is only bonded 
to other silicon atoms and a hydrogen atom. The difference between this configuration 
and ordinary Si-H lies in the fact that these hydrogen atoms are in the close proximity 
of other hydrogen atoms or at inner surfaces or voids. It is suggested that, because of 
their different configuration these bonds will vibrate at a different frequency than Si-H 
and are more likely to have their stretching mode near 2100 cm-1. The presence of 
three different bond types at only two different wavelengths makes it impossible to 
determine all three different oscillator strengths or proportionality constants. As a 
consequence of this it is impossible to determine the concentrations of the different 
bond types in the layer. To get some useful information from these peaks anyway 
Langford et al.°01 , among others reasoned as follows: The Si-H bond is at 2000 cm·1 

and both Si-H2 and Si~H on voids are at 2100 cm-1. There is no reason to assume that 
all bond types will have equal oscillator strengths, so three proportionality constants 
need to be introduced. The total amount of hydrogen in these three configurations 
must equal the amount of hydrogen found from the wagging mode at 640 cm-1 where 
all Si-H bond types have their wagging mode. Therefore: 

Asi-Hf 2000 + A1100.s;-HI2100,s;-H + Ai100,si-H/2100,s;-H2 = ~401640 = N H ( 42) 

(A640 can be found by calibrating using nuclear techniques) It was shown· by Lucovsky 
et al. 1261 that hydrogen bond configurations in a-Si:H are randomly distributed among 
available sites. Therefore the concentrations of Si-H2 and clustered Si-Hare 
approximately proportional. With this assumption Eq. (42) can be simplified to 

(43) 

where A2100 is the weighted average of the two proportionality constants and is given 
by 

A - ( K'Ai100,Si-H + Ai10o.si-H2) 

2100- (K+l) (44) 

where K is the ratio of clustered monohydrides (SiH on voids) and polyhidrides (SiH2). 
After analyzing a large amount of published experimental data Langford et al.1101 

found, with a proportionality constant of the 640 cm-1 peak of (2.1±0.2) x 1019 cm-2, 
proportionality constants for the 2000 cm-1 and 2100 cm-1 modes of (9.0± 1.0) x 1019 

cm-2 and (2.2±0.2) x 1020 cm-2 respectively. The result of these considerations is that it 
is impossible to distinguish between SiH on voids and SiH2 but that it is still possible to 
determine the amount of hydrogen that is bonded in the Si-H form and is not at a void. 
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For analysis of a-Si:H layers this suffices, at least for the time being, because it is now 
possible to distinguish between good Si-Hand bad Si-H (if hydrogen is bonded in the 
form of Si-H2 or is clustered within the layer it is thought to locally disrupt the 
structure and/or electronic properties of the layer and is therefore considered bad). 

The obvious first thing to do with the results here is to use the proposed 
proportionality constants and see if the hydrogen in the different configurations indeed 
adds up to the total hydrogen content. This is done in figure 4.12. 
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figure 4.12:Total hydrogen content determined by wagging and stretching 
modes. The solid line represents y=x. The dashed line is a 
least squares fit (y=l.09x). 

The measured data show good agreement with each other. A least squares fit to this 
data yielded y = 1.09x. It can be seen from the plot that the proportionality constants 
proposed by Langford et al. seem to overestimate the amounts of hydrogen in the 
stretching modes at higher hydrogen concentrations and underestimate at low 
hydrogen content for the layers from these experiments. This observation is confirmed 
if linear regression is performed. The best line through these data is given by 
y = l.28x -178. This discrepancy between wagging and stretching modes can be 
removed if other proportionality constants are chosen for the stretching mode. Best 
agreement between wagging and stretching modes is found if values of 12 x 1019 cm-2 

and 17 x 1019 cm-2 for A2000 andA2100 are used (they were 9 and 22 x 1019 cm-2
, resp.). 

The result is shown in figure 4.13. Linear regression now improves to y = 0.98x + 17 
(a line fit of y = a.x yields a = 1.0, naturally). 
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• The line is y=x. 

Now that it has been established that the total hydrogen concentration can be divided 
into two groups, it is logical to find how these two groups are related to the total 
amount of hydrogen. The results are shown in figure 4.14 (a) and (b ). 
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figure 4.14: Hydrogen content in the Si-H configuration (a) and in the Si-H2 
or Si-Hon voids configuration (b ). 

The amount of hydrogen in the 2000 cm·1 peak shows fairly good correlation with the 
total hydrogen content of the layer. Apart from 4 of the points all seem to lie on a 
straight line. If these four points are left out in the analysis a straight line can be fitted 
through the remaining points. The line found follows N2000 = 555-0.34N 8 (Nin 1019 

cm-3
) • Consequence of this is that at a total hydrogen content of approximately 

1600 x 1019 cm·3 no hydrogen is bonded in the Si-H configuration. If the total particle 
content is taken to be 5.2 x 1022 cm-3 (based on 2.2 g/cm3

) this means that at 
approximately 30 at% hydrogen in the layer, all hydrogen is either clustered or in the 

1400 
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Si-H2 configuration. Considering the findings of Lucovsky1261 that hydrogen is 
randomly distributed among available sites the results above are not very surprising. 
The concentrations in the 2100 cm-1 peak show even stronger correlation with total 
hydrogen content. A line fitted through the data (leaving out the same 4 points) yields 
N2100 = 1.26N 8 - 520. Therefore hydrogen seems to start clustering at concentrations 

larger than approximately 400 x 1019 cm-3 (7 at.%). 

The fact that 4 points need to be left out of the fitting procedures and clearly deviate 
from the other points deserves an explanation. The point at N 8 =499x1019 cm-3 and 
~000/2000 =814x10

19 cm-3 is an error in the measurements. The transmission 
spectrum from the FTIR measurement could not be fitted well. This is also reflected by 
the large error bars. The deviation of the three points at high hydrogen content is 
caused by the fact that in the transmission spectra at these values, the 2100 cm-1 peak 
becomes large and the 2000 cm-1 small. Therefore it becomes harder to (statistically) 
determine the separate integrated absorptions. It is thought that for these three points 
part of the 2100 cm-1 peak is attributed to the 2000 cm-1 peak. 

For clarity a complete picture of hydrogen content divided into the two configurations 
is given in figure 4.15. The two lines fitted to the individual stretching modes add up to 
y = 0.92x + 35. This is not exactly y = x but, considering the inaccuracies in the 
measured data, it comes satisfactorily close. 
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figure 4.15: Hydrogen content in stretching modes 



The conclusion that can be drawn from the above results is that above 7 at.% all extra 
hydrogen will result in formation of bad configurations. Above approximately 11 at.% 
the majority of hydrogen will be clustered Si-H or Si-H2. This validates the assumption 
made in chapter 1.1 that a total hydrogen content of approximately 10 at.% is 
desirable. If anything, based on these findings, this number should be lowered 
somewhat. However, this may affect other layer properties like the concentration of 
dangling bonds, which is something that cannot be measured using this technique. 

4.5 Other Observations 

Peak positions of the 2000 cm·1 and 2100 cm·1 absorption peaks 
An interesting observation that is associated with the 2000 cm·1 and 2100 cm·1 comes 
from plotting the fitted peak positions of the two peaks as a function of total hydrogen 
content of the layer. This is done in figure 4.16. The interesting thing here is the fact 
that the 2000 cm·1 seems to shift from 2000 cm·1 to approximately 2030 cm·1

, whereas 
the 2100 cm ·1 remains almost fixed at 2080 cm ·1• The shift of the 2000 cm ·1 peak is 
significant and cannot be explained by statistical considerations alone (at higher 
hydrogen contents the intensity of the 2000 cm·1 decreases). Therefore this observation 
needs some explaining. A first attempt to explain this was made by assuming the 
presence of a third peak between 2000 cm·1 and 2100 cm·1 that increased with 
hydrogen content therefore seemingly shifting the two peaks. For example, if it is 
assumed that Si-Hon voids is at 2100 cm·1 and Si-H2 is at a lower frequency and 
hydrogen content increases it may be possible that Si-H2 increases more rapidly than 
Si-Hon voids, therefore shifting the single peak that is used for fitting Si-H2 and Si-H 
on voids downwards. However attempts to fit three peaks on the 2000 cm·1 to 2100 
cm·1 region did not provide any significant correlations. 
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However, it was found in the previous paragraph that as hydrogen content increases an 
increasing number of Si-H will become clustered Si-Hor Si-H2. From this point of 
view it may also be that with increasing hydrogen content also the pure Si-H bonds 
will increasingly feel clustered as they find more and more hydrogen in their vicinity. 
This would qualitatively explain the shift in the 2000 cm-1 peak and at the same time it 
would mean that the 2100 cm-1 will remain fixed, just as observed. 

A lot of discussion is going on about the assignment of these two peaks. Among others 
Daey Ouwens et al.l5

l argue that the shift of 100 cm-1 for the resonance frequency from 
SiH to SiH on voids cannot be supported by theoretical calculations. A shift of 
20-30 cm-1 is more likely. If this is true SiH on voids would be detected in the 
2000 cm-1 peak in stead of the 2100 cm-1

• In this view figure 4.16 can be explained 
even more easily. The shift of the 2000 cm-1 peak is the expected shift of 30 cm-1 that 
is caused by increased clustering. The 2100 cm-1 peak is only determined by SiH2 and 
will remain at a fixed position (a shift of only 5 cm-1 is expected for clustered SiH2). 
Another observation that supports the this view is that extrapolating the position of the 
2000 cm-1 peak to 2080 cm-1 (the value assumed by, among others, Langford et al. cioi 

for the resonance frequency of SiH on voids), the hydrogen content will be 
approximately 3000 x 1019 cm-3 (60 at.%). This value is unrealistically high. 

The Si-H2 bending modes 
Two more peaks are found in the infrared spectrum at approximately 850 cm-1 and 
890 cm-1

• The 890 cm-1 peak has been assigned to asymmetric bending (or bending
scissors) of Si-H2 and (Si-H2)0 l61• Here (Si-H2)0 indicates clustered Si-H2 or Si-H2 
chains in the material. The 850 cm-1 peak has been identified with a different bending 
mode of (Si-H2)0 • The integrated absorption from the 890 cm-1 should be proportional 
to the total Si-H2 concentration whereas the absorption at 850 cm-1 should give an 
indication of the amount of Si-H2 that is polymeriz.ed or clustered. The integrated 
absorptions of these two peaks is analyzed using figures 4.17(a) through (c). 

Figure 4.17 (a) shows that both the total Si-H2 and (SiH2)n concentrations are fairly 
linear with total hydrogen content The intersection of the line fitted through the 
measured Issa and the horizontal axis is at a higher value than the intersection of the 
line fitted through the absorption at 890 cm·1

• Although this is consistent with 
expectations, the difference is barely significant. This matter of significance can also be 
observed if figures 4.17 (a) and (b) are compared with figure 4.16. The line through the 
measured I s9o intersects the horizontal axis of figure 4.17 (a) at a value of 
approximately 490, whereas the line through the integrated absorption at 2100 cm-1 

intersects the horizontal axis of figure 4.15 at approximately 410. However in 
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figure 4.17: Integrated absorption of the 850 cm·1 and 890 cm·1 peaks as a 
fu.nction of hydrogen content (a) and Si-Hi/Si-Hon voids content (b) and ratio of 
integrated absorptions ( c ). Lines are least squares fits to the data. 

figure 4.17(b) the line through /s90 intersects the 12100 axis at a negative value. These 
two observations are inconsistent and can only be caused by statistical uncertainties. 

From figure 4.17(b) it seems that Si-H2 as determined from the 890 cm·1 is 
proportional to the Si-H2 plus Si-Hon voids concentration. This is in agreement with 
the assumption made in section 4.4 that Si-H2 and Si-Hon voids increase 
proportionally. If it is assumed that, as argued in the discussion about the peak 
positions, the 2100 cm·1 contains only SiH2 the 890 cm-1 peak must be proportional to 
the 2100 cm-1 peak. The proportionality constant As90 of the 890 cm-1 peak can in this 
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view be obtained from figure 4.17(b). As90 is then found to be (1.7 ±0.3)Ai100 or 

30x1019 cm-2
• 

45 

In figure 4.17 ( c) the ratio of integrated absorptions at 850 cm ·1 and at 890 cm ·1 is 
plotted against the total hydrogen concentration. The increase in this ratio is consistent 
with the formation of (Si-H2)n at higher concentrations of hydrogen. It is expected that 
this ratio will increase and tend to a constant. This constant would then be the ratio 
between proportionality constants of these two peaks. Not too much significance can 
be ascribed to these observations as uncertainties become large for these small peaks. 

Growth rate from infrared measurements 
One parameter that is obtained from the analysis of an infrared spectrum is the 
thickness of the layer. If this thickness is divided by the total time of deposition which 
is found by analyzing the ellipsometry data, the growth rate is found. This growth rate 
can be compared with the growth rate found by the periods of oscillation in the 
ellipsometry signal. These two growth rates have been plotted in figure 4.18. 

w 15 w 25 

Growth rate from ellipsometty (nm/s) 

figure 4.18: Growth rates from infrared and from ellipsometry 
measurements. The solid line indicates y=x; the dashed line is a best fit. It 
yields y = 1.14x - 0.6. 

The discrepancy between the two growth rates is approximately 10%. This can be 
explained by one or more systematic errors in the measured parameters. It must be 
either an overestimation of the refractive index from ellipsometry (this means growth 
rate from ellipsometry is underestimated) or an overestimation of thickness due to an 
underestimation of refractive index from infrared measurements, or a combination of 
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both. Another possibility is that after deposition, but before the infrared measurements 
the layer grows some more. Either due to deposition after the silane flow is halted (this 
is unlikely as it should be seen by ellipsometry), relaxation/reconstruction of the layer, 
or adsorption of oxygen at the surf ace. This growth will have to amount to 
approximately 50 nm to explain the observed discrepancy. 

Oxygen and Nitrogen 
Samples deposited before the experiments reported here showed a large peak at 
approximately 1050 cm-1

• This peak is ascribed to the silicon-oxygen bond. The 
oxygen is thought to have come from a leakage of cooling water into the arc. This was 
confirmed by the fact that soon thereafter ice formation was noticed in the vacuum 
chamber. After the arc was replaced the size of the 1050 cm-1 decreased drastically. 
The 1050 cm-1 peak of the samples deposited with the new arc is too small to be fitted. 
The conclusion that can be drawn from this observation is that the amounts of oxygen 
in the layer are too small to be detected with FTIR. 

No nitrogen peaks (which has resonance frequencies in the 850-1000 cm-1 region) 
were observed. This means that the conclusion on oxygen is also valid for nitrogen. 
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5. Conclusions 

With regard to the goals set in chapter 1, the following conclusions are drawn: 

1. The implementation of FTIR for the analysis of the layers, the hydrogen content in 
particular, has been successful. The inaccuracies in the determination of the 
different properties are acceptable. 

2. Reproducibility of all diagnostics has been achieved. Layer deposition was 
achieved, but after changing the hydrogen flow to the plasma deposition at the 
standard setting did not reproduce. 

3. Changing the hydrogen flow to the plasma changed the hydrogen content of the 
layers, but no correlation could be determined. A large spread in hydrogen content 
and refractive index was caused by the changed hydrogen flow. 

4. Layers with hydrogen contents of approximately 8 to 25 at.% were deposited. The 
refractive index decreases with increased hydrogen content. Bandgap and Urbach 
width are independent of hydrogen content in the 8-25 at.% regime. 

Other conclusions that can be drawn from the measurements and analysis are: 

• Growth rate increases with increased hydrogen flow to the plasma 
• Ion saturation current to the probe decreased with increased hydrogen flow 

::::} Deposition is not dominated by ions 
• Refractive index is not clearly correlated with growth rate 

• The decrease in refractive index with an increased hydrogen content of the layer is 
considerably larger than found by a theoretical effective medium approximation. 
The measured decrease in refractive index can be explained if a larger volume for 
hydrogen or the creation of voids with increased hydrogen content is assumed. 

• The independence of the bandgap for hydrogen concentrations of 8-25 at% is in 
agreement with results from PECVD layers. The bandgap is comparable to the 
bandgap of PECVD layers. 

• Analysis of the absorption of SiH in the stretching modes enables the distinction 
between SiH and SiH2 (the latter possible with SiH on voids). The concentrations 
in both configurations can be determined quantitatively. 

• The total concentration determined from the stretching modes is consistent with 
the concentration in the bending mode. Best agreement between the modes is 
found if the proportionality constants for the stretching modes is chosen slightly 
different from those found by Langford et al.ll01• 
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• The absorption from SiH in the 2000 cm-1 decreases with increased hydrogen 
content. Above approximately 30 at.% H no absorption from the 2000 cm-1 peak is 
observed. 

• The absorption from SiH2 (and SiH on voids) increases linearly with increased 
hydrogen concentration. Below approximately 8 at.% no absorption from the 
2100 cm-1 is expected. 

• Above approximately 11 at.% the majority of hydrogen is bonded as SiH2 (or on 
voids). 

• The position of the maximum of the SiH stretching mode (2000 cm-1 mode) shows 
a shift to higher frequency with an increased hydrogen content. The SiH2 stretching 
mode remains at the same frequency. 

• The absorption from the SiH2 bending mode at 890 cm-1 is proportional to the SiH2 
stretching mode. 

• The absorption from the (SiH2)n bending mode at 850 cm-1 increases linear with the 
absorption. No (SiH2)0 is detected below hydrogen concentrations of 
approximately 12 at.%. 

• Growth rate determined from ellipsometry and growth rate determined from FTIR 
show discrepancy of approximately 10%. 

• Oxygen and nitrogen concentrations are too small to be detected by FTIR. 
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6. Recommendations 

The ultimate goal of the research done at DEPO II is to deposit device quality a-Si:H 
layers. To achieve this goal it is necessary that the layers deposited reproduce within a 
reasonable margin. Although it was shown in this report that at the standard settings 
the layers eventually reproduced, it was also shown that after the hydrogen flow had 
been changed the layer deposited at the standard setting had considerably different 
properties. This problem needs to be solved before the connection between input 
parameters and the properties of the deposited layers can be made or any solid 
conclusions can be drawn concerning the deposition process. Therefore the highest 
priority should be given to this matter. 

There are several ways to tackle the problem stated above, depending on the views of 
the experimentator. It seems likely that the spread in layer properties is mainly due to a 
spread in the hydrogen content of the deposited layer. It is possible that the spread in 
hydrogen content is caused by a spread in the hydrogen concentration in the plasma. 
The hydrogen content in the plasma may be partly determined by hydrogen absorbed 
or desorbed by the vessel walls. To prevent a spread in hydrogen in the plasma through 
these effect the vessel will need to be conditioned the same before each deposition. 
This was done during the research for this report by heating the vessel for 45 minutes 
using an Ar plasma. This has proven insufficient. It may be possible that passivating the 
hydrogen with an oxygen plasma or saturating the vessel walls using a hydrogen 
plasma will give better results. Another cause for the spread in hydrogen content may 
come from instabilities in the plasma: Deposition starts the moment silane is injected 
into the plasma. It is very well possible that the Ar/H2/SiH. only reaches equilibrium 
after some time (seconds?) and because the deposition of a 500 nm layer takes less 
than 30 seconds this may cause variations in the deposited layer. A shutter 
construction, where the sample is exposed to the plasma only after some time, will 
prevent variations caused by this phenomenon. It is possible to investigate both these 
possible causes by monitoring the plasma more closely. The plasma itself was only 
monitored with a Langmuir probe (which showed little variations). Performing 
spectroscopy on one or more hydrogen lines may give more insight in the stability and 
composition of the plasma. It may also be possible to detect radical densities using 
infrared absorption measurements on the plasma. 

Other possibilities for the spread in layer properties are pressure in the vessel and 
substrate temperature. Monitoring these parameters or, better yet, controlling them is 
therefore strongly recommended. 

Because reproducibility is the most pressing problem for DEPO II at the moment it is 
recommended that effort is put into monitoring the plasma and the conditions under 
which the deposition takes place. Only after reproducibility is achieved it is 
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recommended that more thorough analysis of the layers is carried out (conductivities, 
band structures). At that time it is also useful to make further comparison between 
PBD and PECVD layers. 

Improvements with re~pect to FfIR can be made. First of all the absolute hydrogen 
concentration of the layers as determined by FfIR should be calibrated using nuclear 
techniques. Also the large decrease in refractive index with increased hydrogen content 
(larger than expected) should be investigated more (microstructure, voids). This can all 
be done after reproducibility is improved, so that reliable results can be produced. 
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