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Abstract 

A systematic metbod for the optimization of hydrogenated amorphous silicon based p-i-n 
solar cells will be presented. The metbod is based on optoelectronic testing of individual 
layers and subsequent analysis of complete devices using different methods. The accuracy of 
the procedure is demonstrated on the basis of p-i-n structured a-Si:H solar cells produced in 
an in-line batch PECVD system, aiming at providing reference p-i-n structures for testing of 
process steps during the start-up of a roll-to-roll pilot line for flexible solar cells. 

The minimum set of characteristic parameters that should be determined to qualify 
hydrogenated amorphous silicon (a-Si:H) for use in p-i-n type solar cells consists of the dark 
and photoconductivity, the activation energy and the optical band gap. These are obtained 
from dark and photoconductivity measurements and spectroscopie Reflection Transmission 
measurements. A convenient metbod to characterize the solar cell performance is measuring 
the efficiency, while the cell is exposed to one sun AM1.5 illumination. Other methods to 
characterize the solar cell are Quanturn Efficiency measurements and Variabie Illumination 
Measurements. 

The optimization ofthe intrinsic layer has been performed by means ofthe 'Design of 
Experiments' (DoE) or Box-Benken method. With this metbod the influence of pressure and 
power is studied by doing a limited amount of experiments. First the plasma properties have 
been studied. An a~y' transition bas been observed, teading to significantly higher growth 
rates for high pressure and power settings (y' -regime), compared to the growth rates in the a
regime. In the y' -regime the plasma is more symmetrie, resulting in more deposition on the 
substrate. Secondly, the optical and electrical qualities of the intrinsic layer have been 
evaluated. The requirements for the intrinsic layer are fulfilled best for layers that are 
deposited under a -regime conditions. The intrinsic layers have been tested in Schottky 
devices, avoiding the need of a p-layer. These Schottky devices eliminate the worst deposition 
conditions and will be useful if only a small amount of information about optimal deposition 
settings is available. The optimized settings for the gas pressure and RF power result in an 
increase ofthe efficiency of p-i-n solar cells (from 7.0% to 8.3 % efficiency). 

For the p-layer the approach of ' sequential optimization' was chosen: varying one 
process parameter (pressure, methane (C~) flow, diborane (B21-Ie;) flow and p-layer 
thickness) at a time. For the optimization of the gas flows the "Design of experiments" 
metbod would have been a better option. The optimized settings for the gas pressure, the C~ 
and B21-Ie; flow, a 40 nm thick p-layer and annealing the sample yield higher efficiency solar 
cells (8.9% efficiency). 

Variabie Illumination Measurements (VIM) is a powerfut metbod to leam more about 
the cell characteristics of a-Si :H p-i-n solar cells. A model including photo-, recombination 
and diode current, and paralleland series resistance is used to explain the !(V) curves obtained 
at various illumination levels. VIM have been performed at the University of Barcelona. 
Measurements have been done for two a-Si:H Akzo Nobel solar cells, after the intrinsic layer 
optimization. The effect of degradation and annealing bas also been studied. It is observed 
that the series resistance of the cells is high compared to that of the reference cell , resulting in 
low fill factors at one sun illumination. The reason may be that the p-layer is thinner than the 
depletion thickness. To improve this, cells with thicker or stronger doped p-layers should be 
realised. If annealing is applied too long (2 hours), the degraded cell reeovers only partly from 
annealing, probably caused by aluminium diffusing into the silicon. 



"Experience is the name 
everyone gives totheir mistakes." 

-Oscar Wilde 
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1. Introduetion 

In this chapter an introduetion to the project, presented in this report, is given. After a general 
assessment in the first section, the Helianthos project and the Photovoltaic Team of the 
University of Barcelona are introduced. The project, presented in this report, bas been 
performed at Akzo Nobel, as part of the Helianthos project, and at the University of 
Barcelona, for the analyses of the solar cells. To conclude with, the motive for the research 
project is given and an outline ofthis report is presented. 

1.1 Technology assessment 

Although existing energy sources, such as mineral oil and gas, are getting exhausted, the 
global use of renewable energy is still negligible. The most significant of these never ending 
energy sourees are wind and solar photovoltaic (PV) energy. Wind energy is fairly affordable, 
but presents some problems for its direct implementation in human environments, such as the 
difficulty to integrate in cities, debatable visual impact of the natura! sceneries and 
interference of the rotating blades in TV and FM signals. On the contrary, PV systems are 
easily integrated in the human environment, either on roofs, bus shelters or traffic signs, and 
hence directly connected to the electricity network. They are, however, quite expensive. In 
order to reduce these production costs, the efficiency of the solar cells should be increased 
(provided that the cost per m2 increases less) or the production costs of the solar cells should 
be reduced (provided that the efficiency decreases less). Most commercially available solar 
cells are made from wafers of very pure monocyrstalline or polycrystalline silicon. Although 
silicon is highly abundant, making these wafers very pure and suitable for solar cells requires 
much energy and is therefore expensive. 

Undoubtedly, one possibility for significantly reducing costs is the development of 
thin film solar cell technologies. There are many advantages in amorphous silicon thin film 
solar cells, such as the ability to be deposited over large areas on inexpensive substrates, the 
ease of mass production and the reduced need of silicon. When deposited on flexible 
substrates, these amorphous silicon thin films offer new and challenging opportunities for 
applications on curved surfaces. However, efficiencies of amorphous silicon solar cells are 
significantly lower than those of bulk silicon cells; the low deposition rate in current 
production plants is another drawback. 

1.2 The Helianthos project 

The Helianthos project is a co-operation between Akzo Nobel, Eindhoven University of 
Technology (TUE), Delft University of Technology (TUD), University of Utrecht (UU) and 
TNO. The Helianthos partners are developing a novel roll-to-roll processing sequence for the 
production of thin film amorphous silicon sol ar modules for large-scale (> 106 m2 per year) 
industrial production. This production should strongly reduce the production costs of 
amorphous silicon solar cells. 

In this roll-to-roll process a metal foil is used as temporary substrate on which a 
transparent conductive oxide is deposited by means of atmospheric pressure chemica! vapour 
deposition (APCVD). Subsequently, the amorphous silicon layers are deposited via plasma 
enhanced vapour deposition (PECVD). A reflective metal back contact layer is applied by 
physical vapour deposition. After application of the permanent substrate of synthetic material 
of low costs, the temporary substrate foil is removed. The production process bas the 
additional advantage of allowing monolithic series connections of the solar cells to be 
produced by laser scribing and other patteming steps. Finally, contacts are applied and the 
solar cellis encapsulated with a protective layer to provide durability. 
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1.3 The Photovoltaic Team of the University of Barcelona 

The Photovoltaic Team of the University of Barcelona (UB-PV) started its activity in 1989 
with the development of amorphous silicon solar cells. The research activity has been focused 
on the development of a thin film silicon technology suitable for solar module production. 
Both hydrogenated amorphous and microcrystalline silicon has been considered. Plasma 
Enhanced Chemica! Vapour Deposition (PECVD) and, since 1993, Hot-Wire CVD has been 
investigated. 

The UB-PV has developed p-i-n amorphous silicon solar cells and studied the 
behaviour of the cells by performing optoelectronic characterisations (spectra! response, 
Variabie Illumination Measurements (VIM), etc.) and computer simulation. The VIM metbod 
is used to obtain more information about p-i-n structured silicon solar cells. For this methad 
!(V) characteristics are taken at different illumination levels, from which the cell's 
characteristic parameters are determined. The VIM methad should yield more information 
about the cell than only !(V) characteristics at one sun AM1.5 illumination can provide. For 
this reason solar cells made at Akzo Nobel have been analysed at University of Barcelona. 
The results are expected to give clear suggestions in what direction impravement of the cells 
can be realised. 

1.4 Motive and outline of this report 

A batch PECVD machine is used to produce a representative reference solar cell on glass, 
which can be used for testing other processing steps. The aim of this project is to obtain more 
insight in how to optimize a-Si:H p-i-n solar cells. A better understanding of the aspects that 
influence the deposition process as well as more insight in the optimization methods has to be 
obtained. The individual layers of the p-i-n contiguration are optically and electronically 
tested; the solar cells are tested, using different methods, e.g. by means of Variabie 
Illumination Measurements. The present work shows results of deposition experiments with a 
batch PECVD machine (Balzers Vertical Inline System, VIS-1 00) and the different 
optimization methods are discussed. 

This report consists of seven chapters. After the Introduetion the features of 
hydrogenated amorphous silicon are given. Purthermare the Schottky device and the p-i-n 
solar cell are described and the performance p-i-n solar cells is explained. In chapter three a 
general description of the PECVD-process is given, followed by the principles of the 
deposition system used (VIS-1 00). This chapter also concentrates on the plasma electronic 
properties. In chapter four the characterisation methods for the individual amorphous silicon 
layers and for the solar cell are introduced. In chapter five the results of the intrinsic and p
layer optimization are presented and the used methods are discussed. The results of the solar 
cell analysis by means of VIM at the University of Barcelona are presented in chapter six. In 
chapter seven the conclusions are summarised and recommendations for further research are 
made. 
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2. Hydrogenated amorphous silicon p-i-n solar cells 

This chapter first describes what a-Si:H is, what the differences are with crystalline silicon 
and the band model of a-Si:H is presented. Hydrogenated amorphous silicon is gaining 
increasing use in photovoltaic devices. One of those devices is the Schottky device, which is 
introduced in section 2.2. A more complex solar cell, that yields better performance is the 
a-Si:H p-i-n solar cell, which is described insection 2.3. Insection 2.4 the /(V) curve of solar 
cells, from which the cell performance is obtained, is explained. 

2.1 Hydrogenated amorphous silicon (a-Si:H) 

Semiconductors 

Semiconductors are generally classified by their electrical resistivity at room temperature, 
with values in the range of 10-2 to 109 ncm, which is strongly dependent on temperature, 
illumination and magnetic field. The mobility gap is defined as the difference between the 
lowest point ofthe conduction band Ec and the highest point ofthe valenee band Ev (see Fig. 
2.1) and is directly related to the electrooie properties of the semiconductor. At absolute zero 
a pure, perfect crystal of most semiconductors will be an isolator. As the temperature is 
increased, electroos are thermally excited from the valenee band to the conduction band. Both 
the electroos and the vacant orbitals left bebind in the valenee band (holes) contribute to the 
electrical conductivity. 

Hydrogenated amorphous silicon versus crystalline silicon 

Whereas in crystalline silicon the silicon atoms are placed in a well ordered crystal structure, 
in amorphous silicon long-range order is absent. This permits an amorphous structure to 
accommodate atoms of greatly different sizes. This opens the possibility of achieving desired 
optical and electrical properties by alloying amorphous silicon with various elements such as 
carbon. The structural disorder is reflected in the optical, transport and recombination 
properties. 

For an amorphous, disordered material the momenturn is not conserved. Therefore, 
the optica! gap for a-Si:H is a direct gap (intrinsic disorder), in contrast to crystalline silicon, 
where the gap is indirect. This direct gap causes much higher optical absorption of light in 
a-Si :H compared to in c-Si. 

Unlike crystalline semiconductors, amorphous semiconductors have a continuous 
distri bution of defect states in the energy gap. 

The band model for hydrogenated amorphous silicon: density of states 

A commonly used band model of a-Si:H is shown in Fig. 2.1. The density of states in a-Si:H 
is given as a function of the energy level. Unlike crystalline semiconductors, amorphous 
semiconductors have a continuous distribution of defect states, caused by strained bonds, in 
the energy gap, resulting in conduction and valenee band tails. The greater the disorder, the 
more the band tails extend into the band gap. 

Near the middle of the gap are the so-called 'dangling bond' states. These dangling 
bonds are the main defects in amorphous silicon. The defect density of pure amorphous 
silicon is high, preventing these materials from being useful for electrooie devices. About 
thirty years ago it was realized that the addition of a small amount of hydrogen (typically 
10 at.%) to an amorphous silicon semiconductor greatly improved the material's electrooie 
and structural properties (Kakalios et al, 1988). The monovalent covalently bonded hydrogen 
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passivates dangling bond defects and relieves strain by breaking weak Si-Si bond to form 
stronger Si-H bonds: by hydrogenating of the material, the defect density can be reduced by 
four orders of magnitude, down to 1016 cm·3 (Street, 1991). 

;;:;--' 
I 1()22 e .... 
I 
> 
~ 1020 

0 0.5 1 1~5 2 
Energy [eV] 

Fig. 2.1 Density of states in hydrogenated amorphous silicon, showing the mobility 
gap Ec- Evand the optica/ gap Eb- Ea (De Bruijn, 2000). 

The density of states in the midgap region pins the Fermi level around midgap in 
undoped materiaL For undoped a-Si :H the Fermi level position is usually slightly closer to the 
conduction band than to the valenee band, because of oxygen contamination. By applying 
light the effect ofthe dangling bonds increases and the Fermi level is shifted more to midgap. 
According to the doping model of Street (1982) the Fermi levellies for p-type material in the 
minimum density of states between the valenee band tail and dangling bonds. For n-type 
material the Fermi level moves to the minimum between the conduction band tail and 
dangling bonds. 

Metastability 

In contrast to crystalline silicon, for which donor and acceptor concentrations are given and 
fixed once the crystal is prepared, in amorphous silicon these concentrations change with 
temperature, light and field induced carrier density in one and the same sample. Staebler and 
Wronski discovered in 1977 that solar cells degrade slowly as they are exposed to sunlight. 
But the created defects can be removed in 1-3 hours by thermal annealing (Steabler et al, 
1977). 

2.2 Schottky device 

A simple, early established, solar cell that contains amorphous silicon, is the Schottky device. 
A Schottky device basically consists of a metal and a semiconductor, see Fig. 2.2. 

The active region in a-Si :H devices is the intrinsic or undoped layer. The density of 
gap states is significant enough to pin the Fermi energy near midgap, hence working with 
undoped material can be carried out in a controlled fashion. Furthermore, doping a-Si:H either 
p-type or n-type causes a large increase in gap states densities which leads to carrier 
recombination. Thus the Schottky harrier of most interest is formed between the doped and 
the undoped a-Si:H materiaL For simplicity the junction of a metal with an n-type 
semiconductor is explained next. 
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Fig. 2.2 Schematic representation of a Schottlcy device. 
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The potential harrier, which forms when a metal is contacted with a semiconductor, 
arises from the separation of charges at the metal-semiconductor interface to bring the two 
Fermi energies into alignrnent. According to the Schottky and Mott model (1938), the charges 
are constrained to remain in the vicinity of the interface by the Coulomb interaction forces 
forming a dipole layer with a potential equal to the difference in the work functions ofthe two 
substances. The energy band diagrams in Fig. 2.3 illustrate the process of harrier formation. 
Figure 2.3(a) shows the electron energy band diagram of a metal of work function r/Jm and an 
n-type semiconductor of work function rPs which is smaller than rPm· The work function is 
defined as the amount of energy required to raise an electron from the Fermi level to the 
vacuum level. The work function rPs of the semiconductor is a variabie quantity because the 
Fermi level in the semiconductor varies with the doping. An important surface parameter that 
does not depend on doping is the electron affinity Xs, defined as the energy difference of an 
electron between the vacuum level and the lower edge of the conduction band. 

Figure 2.3(b) shows the energy band diagram after the contact is made and thermal 
equilibrium has been reached. When the two substances are brought into intimate contact 
electroos from the conduction band of the semiconductor, which have higher energy than the 
metal electrons, flow into the metal until the Fermi level on the two sides is brought into 
coincidence. As the electrons move out of the semiconductor into the metal, the free electron 
concentration in the semiconductor region near the boundary decreases and the conduction 
band Ec bends up as shown in Fig. 2.3(b ). The conduction band electroos which cross over 
into the metal leave a positive charge of ionized donors behind, so the semiconductor region 
near the metal gets depleted of mobile electrons. Thus a positive charge is established on the 
semiconductor side of the interface. Consequently, an electric field is established from the 
semiconductor to metal. 

Since the band gap and the electron affinity of the semiconductor are not changed by 
making contact with the metal, the valenee band Ev and the vacuum level will move up 
parallel to the conduction band Ec. Thus, for a metal-semiconductor system in thermal 
equilibrium the important point that determines the barrier height is that the vacuum level 
must remain continuous across the transition region. Hence, the vacuum level from the 
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Electron energy band diagrams ofmetal contactton-type semiconductor. (a) 
Neutral materials separated from each other and (b) thermal equilibrium 
situation after the contact has been made. (Sharma, 1984) 

semiconductor side must approach the vacuum level on the metal side gradually to preserve 
the continuity. The amount of band ben ding, then, is j ust equal to the difference between the 
two vacuum levels, which is equal to the difference between the two work functions : 
q Vb; = ( rPm -r/J5 ), where Vb; is expressed in volts and is known as the builct-in potential of the 
junction. Vb; obviously is the potential barrier, which an electron moving from the 
semiconductor into the metal has to surrnount. However, the barrier looking from the metal 
towards the semiconductor is different and is given by: 

(2.1) 

Any additional dipole charge at the interface adds a potential difference across the 
junction. There might be a dielectric layer at the interface, for example, caused by a surface 
oxide. The different dielectric constant of the layer causes a polarization layer at the interface. 
High quality CVD material is imperrneable to oxygen and only a thin surface oxide results. 
Even though, within 10 minutes, a 0.1 om oxide layer arises on the a-Si :H surface (Street, 
1991 ). Including this interface effect, a phenomenological expression for the barrier height is 

(2.2) 

where a1 is reduced from unity by the interface layer and a2 is related to the density of 
surface states. It is important to expose the deposited a-Si :H layers as shortly as possible to 
air, before depositing the chromium. An oxide layer between the n-layer and intrinsic layer is 
oot des i red either. If the intrinsic layer is oot deposited immediately after the deposition of the 
a-Si :H n-layer, the n-layer has to be kept in vacuum to reduce the effect of the oxygen. If a 
c-Si wafer is used as substrate, this wafer has to be cleaned very carefully, for example with 
HF. 
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When an n-type c-Si wafer is used to deposit intrinsic a-Si:H on, there is a bandgap 
mismatch, which allows recombination to take place. In order to be able to extract the band 
discontinuities from the internat photoemission signa!, there should be no electric field on the 
c-Si side of the interface to assist carriers crossing the band offsets. Therefore, if an n-type 
c-Si wafer is chosen as substrate, highly doped (< 0.01 ncm) wafers are preferabie to use (van 
Cleef, 1998). For the Schottky devices used for experiments described in this report, a 20 nm 
thick a-Si:H n-layer has been used. 

The device that is used for experiments, described in this report, consists of a 
substrate (Asahi-U), a 20 nm thick n-type a-Si:H layer, a 400 nm thick intrinsic a-Si :H layer 
and a 15-20 nm thick chromium contact, see Fig. 2.2. Light enters the device through the 
chromium layer. Chromium has been chosen as metal contact since it is easy to deposit and 
does not react with silicon (Street, 2001). 

The chromium layer therefore has a double function. First it is the window layer of 
the device, so it has to be transparent and absorb as little light as possible. But it also 
functions as a contact, which means that it has to be conducting sufficiently as well in order to 
transport the free carriers. The Schottky devices described in this report have a chromium 
layer with a transparency of 36 % over a wavelength interval from 400 to 900 nm. The 
conductivity ofthis layer was found to be 240 0 /sq. 

2.3 Principles of a-Si:H p-i-n solar cells 

The basic device requirement for photovoltaic energy conversion is an electronic asymmetry 
in the semiconductor structure, to sustain an electric field. Because of the absence of this 
asymmetry, the performance of Schottky devices is poor. p-i-n solar cells do have this 
required asymmetry. 

The main part of a hydrogenated amorphous silicon (a-Si:H) p-i-n solar cell consists 
of three layers : a p-layer, an i-layer and an n-layer, all made of hydrogenated amorphous 
silicon (see Fig. 2.4). The n-layer is doped with phosphorus atoms and the p-layer with boron 
atoms. Phosphorus atoms donate a free electron to the silicon network; consequently an 
ionized (positive) phosphorus ion lags bebind, which creates a space charge. The boron 
atoms, on the contrary, accept a free electron and consequently a negative space charge is 
created (Sze, 1981 ). 

Light travels through the p-layer (window-layer) and is absorbed in the i-layer 
(intrinsic layer). The absorption of the photons creates free electrans and holes, which are 
collected in the n- and p-layer, respectively. The movement of the free carriers is driven by 
the electric field in the i-layer, caused by the sandwich ofthe intrinsic layer by a p-type layer 
(Fermi level close to the valenee band) and n-type layer (Fermi level close to the conduction 
band). 

F or sol ar cells of high efficiency it is important that 
- the p-layer absorbs as little light as possible 
- the p-layer should sustain ( tagether with the n-layer) a high electric field in the i-layer 
- as much light as possible should be absorbed in the i-layer 
- the created charge carriers should be collected in the front and back electrodes. 

Incorporating carbon into the silicon network increases the optica! band gap so that 
the layer is as transparent as possible for the visible part of the spectrum. This results in less 
absorption of light in the p-layer. A high electric field in the intrinsic layer and larger drift 
distance of the charge carriers than the thickness of the i-layer results in better coneetion of 
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created free carriers. By tuning the band gap and the intrinsic layer thickness, the amount of 
light that is absorbed in the intrinsic layer should be maximized. 

glass 

TCO 
p-type a-SiC:H 

n-type a-Si: H 

Al 

Intrinsic 
a-Si:H 

Light 

Fig. 2.4 Schematic representation of an a-Si:H p-i-n solar cel!. 

The electrode on top of the p-layer is a transparent conductive oxide (TCO); 
commonly consisting of fluorine doped tin-oxide (Sn02:F). A pyramidal structure of the TCO 
at the interface to the silicon will scatter the incident light through the cell. This scattering 
increases the optical path length, thus enhancing the absorption. The back contact (at the 
bottom) electrode is made of aJuminurn or silver, which has the additional advantage to reflect 
light back into the cell. Asahi-U, consisting of a TCO layer on glass, is used as substrate for 
the depositions described in this report. 

2.4 Solar cell performance 

The performance of a solar cell is determined by its !(V) curve (Fig. 2.5). The curve is 
characterised by six parameters: 

• the short circuit current f sc, 

• the open circuit voltage V oe, 
• the fill factor FF, 
• the efficiency 77, 
• the short circuit resistance R sc and 
• the open circuit resistance Roe. 

Fig. 2.5 shows the short circuit current f sc (intersection with the current-axis) and the open 
circuit voltage Voe (intersection with the voltage-axis). The maximum power point (mpp) is 
also shown in the figure and denotes the point at which the product of I x V is the highest The 

fill factor FF is defined as (Vmpp ·I mpp) I(V0 c ·]se) . The short circuit resistance Rsc is the 

inverse slope of the I( V) curve at zero voltage, the open circuit resistance Roe is the inverse 
slope at zero current. The efficiency 77 is defined as the power density produced by the solar 
cell divided by the power density ofthe incoming light; for an AM1.5 spectrum at an intensity 
of f sun = 100 mW/cm2 the following equation is used: 



The principles of a-Si:H p-i-n solar cells 9 

(2.3) 

1/Rsc 
0 

V (V) 

Fig. 2. 5 Example of an I (V) characteristic of a p-i-n solar cel!. 
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3. Plasma Enhanced Chemical Vapour Deposition of a-Si:H 

Plasma Enhanced Chemica! Vapour Deposition (PECVD) is also called glow discharge 
deposition because of its visible luminosity of the plasma region. This luminanee is mainly 
the result of the de-excitation of molecular and atomie species contained in the plasma. This 
chapter first describes the deposition process. Then some phenomena in capacitively coupled 
RF discharges are descri bed. In the following section the principles of the deposition system 
Balzers VIS-100 are reported and in section 3.4 the plasma is presented as an electrical 
circuit. In the last section it is explained what depletion is and how it is measured. 

3.1 Deposition process 

gas feed 
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Vacuum 
pump 

1
•---1111!!!!!!!!!11111 .... " ill,r.--.--.---.h•e•at.er
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----- ... po we red 
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Fig. 3.1 Schematically representation of a capacitively coupled RF discharge (De 
Bruijn, 2000). 

During PECVD of amorphous silicon, a silicon containing gas, usually silane (Si~), is 
admitted to a vacuum reactor chamber with a background pressure typically smaller than 
1 o-4 Pa. In this vacuum chamber an electric field is maintained between two parallel plates, 
which will cause a gas discharge, see Fig. 3.1. The voltage used can be both DC and AC, e.g. 
in the radio frequency (RF) domain (13 .56 - 200 MHz). The gas pressure in the reactor is 
typically 10-100 Pa. The deposition process by an RF discharge is described as a four step 
process (Luft and Tsuo, 1993): 

1. The first step is the creation of i ons, electrons and free radicals as a result of the primary 
reaction between electrons and the gas molecules. These are reactions like electron
impact excitation, dissociation and ionization of SiH4 molecules. 

2. The second step is the transport of these species to the substrate surface. This transport is 
accompanied by secondary reactions between molecules and ions or radicals. Reactive 
neutral species move to the substrate by diffusion, positive ions bombard the growing 
film, this may e.g. break up polymerie chains and increase the percentage of monohydride 
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bonds. Negative ions are trapped within the plasma and may eventually form small 
particles or dust. These are typical 2 to 30 nm in diameter and are caused by ion and 
neutral nucleation. 

3. The third step consists of surface reactions of ions and free radicals with the substrate 
surface, which can result in the adsorption of these species. 

4. The last step is the incorporation in the growing film or the re-emission from the film into 
the gas-phase of these species. 

Dominant SiH3 radicals, which have a relatively low sticking coefficient, in the 
plasma are believed to be essential for high quality a-Si:H films grown from both monosilane 
and disilane, whereas radicals having relatively high sticking coefficients such as SiH and 
SiH2 are believed to result in poor film properties. 

3.2 Capacitively coupled RF discharges 

In Fig. 3.1 an example of a capacitively coupled RF discharge in a plane parallel geometry is 
represented. The two planar electrodes are separated by a distance d (typically 50 mm); one 
electrode (with substrate) is grounded, the other is connected to the RF power souree 
(V,j, commonly 13.56 MHz). Between the souree and the powered electrode a (blocking) 
capacitor is placed to avoid any DC current flowing through the plasma. Feedstock gases are 
admitted to the flow through the discharge and effluent gases are removed by the vacuum 
pump. 

Behind the powered electrode a dark space shield is installed in order to avoid "sub
plasmas" between the electrode and the reactor wall. Often the dark space is tilled with an 
insulating material with low relative permittivity to keep dust and radicals from the small 
interstice between the powered electrode and dark space shield. De Bruijn (2000) has 
recommended using a teflon insulation (instead of the ceramic insulation), with a relative 
permittivity of2.1 at 298 K. 

The ion plasma frequency OJp/ 2n (typically 0.5 MHz) is much smaller than the RF 
frequency and consequently ions will only react on time-averaged fields . On the contrary, the 
electroos react instantaneously on the electric fields and will carry the RF currents. Because 
of this difference in mobility between electroos and ions, two RF boundary layers will arise : 
sheaths (see Fig. 3.1). These sheaths have a typical thickness of 1-5 mm. In the sheaths the 
positive ions are accelerated towards the electrodes and gain an amount of kinetic energy 
corresponding to the potential difference. The electron density in the sheath is assumed to be 
zero because of the electric field in the sheath. Between the two sheaths a luminescent glow 
discharge exists : the plasma bulk. All dissociation and ionization processes occur in the 
plasma bulk. The ion density is in good approximation constant through the whole plasma. 

Perrio et al ( 1988) de fine the plasma potential, the time average poten ti al of the 
plasma with respect to the ground, as : 

(3.1) 

This expression holds for a symmetrie capacitive discharge and under the simplifying 
assumption of purely capacitive sheaths. The ratio (Vpi - Vbias)IVpi for collisionless sheaths in 
RF discharges is related to the "effective" area ratio S/S2 of the RF-powered surface and all 
the grounded surface facing the plasma, via an inverse power law: 

(3.2) 
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Practically, m ~ 2 for most PECVD conditions (Perrin, 1995). The Vbias is negative if the 
powered surface is smaller than the grounded surface S1 < S2, which is generally the case in 
conventional RF diode planar discharges. When the plasma becomes electrically symmetrie, 
S/ S2 ~ 1, the DC bias voltage goes to zero and consequently, eq. 3.1 , the plasma potential 
becomes !;rî RF voltage. 

In RF discharges, the successive contraction and expansion of the sheath is 
accompanied by the movement of plasma electroos moving from the plasma to the wall and 
receding to the plasma. During the sheath expansion, electroos at the sheath edge gain energy 
from the sheath electric field. At low pressure this leads to collisions of electroos with the 
sheath front, and has been referred to as "stochastic electron heating" (Perrin, 1995). At 
higher pressure when the electron-molecule collision frequency is much larger than the RF 
frequency, the sheath heating mechanism is analogous to a surfer on a wave and has been 
referred to as collisional "wave riding". This is called the a-regime. In this regime, the Vbias is 
highly negative and the plasma resistance Rp1 is relatively low. 

At even higher pressure and when the electroos suffer losses during their transport 
between both sheath regions by ambipolar diffusion or by electron artachment in 
electronegative gases, such as Si~, an electric field builds up in the plasma zone to heat the 
electroos in order to compensate electron losses by additional ionization. This mechanism is 
referred to as "Joule heating" and also as the y' -regime. In Si~ discharges, electron 
artachment occurs not only onto Si~ molecules, but also onto radicals and above all on 
powders trapped in the plasma. Because of this dust forming and electron artachment onto the 
powder particles, the plasma resistance becomes high. Furthermore, the plasma is better 
concentrated between the electrodes. Consequently, the plasma becomes more symmetrie. As 
a result, the absolute DC bias voltage decreases in this regime (eq. 3.2). When the plasma 
zone becomes very resistive, the potential gradient through the plasma is no longer negligible. 
The electron artachment in the plasma bulk induces the buildup of an RF electric field 
between the sheaths, see Fig. 3.3a. 

The transition from the a-regime to a situation in which the y' -regime becomes 
dominant is rather sudden. The transition with increasing pressure is deduced from, among 
other things, an increased plasma resistance, a decreased absolute DC bias voltage, an 
increased growth rate COversluizen et al, 1998) and a decreased RF potential (Perrin et al, 
1988). When the discharge is made more asymmetrie, either by reducing the size of the RF 
electrode or by enlarging the lateral grounded shield, the transition is delayed to a higher 
pressure (Perrin et al, 1988). 

3.3 Principles ofVIS-100 

The Balzers Vertical In-line System (VIS) 100, see Fig. 3.2, is used for all PECVD processes 
described in this report. As described by De Bruijn (2000), the system consists of six vacuum 
chambers (background pressure < 104 Pa) connected to each other by vacuum locks. Two 
vacuum chambers are used to respectively Ioad (load-lock) and unload (out-loek) the 
substrate. Between this load- and out-loek three Plasma Enhanced Chemica! Vapour 
Deposition (PECVD) chambers and one Physical Vapour Deposition (PVD) chamber is 
situated. The PVD chamber is used to sputter aluminum contacts (for p-i-n solar cells and 
individuallayers) and chromium contacts (for Schottky diodes) on the deposited a-Si:H layers 
(with an argon plasma). With a transportation device, on which a substrate is placed, it is 
possible to move from chamber to chamber (in-line system). 

The three PECVD chambers are used to deposit the individual p-, i- and n-layers 
separately. This deposition in separate chambers has the advantage that the losses e.g. due to 
residual boron doping and/or boron diffusion from the p-layer, which lowers the electric field 
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at the interface, are reduced (Catalano et al, 1988). PECVD1 is used to deposit n-layers, 
PECVD2 for i-layers and PECVD3 for p-layers. Every PECVD chamber has a volume of 
66 dm3 and the structure of the electrades ( and the discharge) is the same as shown in Fig. 3 .1. 
The transportation device, with the substrate, functions as the grounded electrode and is 
heated from the back (see Fig. 3.1). The temperature of the heater can be varied between 
room temperature and 700 oe. It should be noted that the heater has no direct contact with the 
substrate. 

Fig. 3. 2 Picture of the Balzers VIS-I 00. The different chambers, f rom the Ie ft to the 
right: the out-loek, PVD, the three PECVD chambers and the load loek. 
Below these chambers the vacuum pumps are situated. Completely on the left 
of the picture the gas gauge units are seen. On the right hand side is a 
laminar down-flow room, where the substrates are placed on the 
transportation devices. 

In this system the gas flows from top to bottorn between the vertically mounted 
substrates and the powered electrode (no showerhead distribution). This would be 
perpendicular into the paper area in Fig. 3.1. In process several gases are added and a typical 
pressure of 10-70 Pa is used. The gases that are used are : argon (Ar), hydragen (H2) , silane 
(Si~), 5 % diborane (BzH6) in hydrogen, 5 % phosphine (PH3) in hydragen and metharre 
(C~). For the deposition of p-layers a mixture of methane, silane, hydragen and diborane is 
used. The n-layers are deposited with a mixture of silane, hydragen and phosphine. The 
i-layers are deposited by using a mixture of silane and hydrogen. The individual flow of all 
these gases is varied by means ofMass-Flow-Controllers (MFC ' s). 

Every vacuum chamber is equipped with a mughing-pump and a turbo-molecular 
pump (TPH 330 or - 340) to achieve the low background pressure ( < 10-4 Pa). Every PECVD 
reactor also has an extra mughing-pump and a roots-pump (WKP 250 A), which are used to 
keep the pressure constant during the deposition process. Purthermare the gases which are 
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pumped away are diluted with nitrogen (N2) in order to keep the concentration of silane under 
the critical, ignition concentration when released to the atmosphere. 

Reactor cleaning 

During the deposition a part of the a-Si :H will be deposited on the powered electrode and on 
the reactor walls. Especially when depositing in the y' -regime (see section 3.2), clusters of 
negatively charged particles are formed (dust), which pollute the reactor to a large extent. 
When this deposited layer gets too thick, it will flake and negatively influence the deposition 
of a-Si :H layers on the substrate. This is why the deposition chambers need to be etched, 
periodically. For etching, a plasma ofCF4 with 5%02 is used. The produced fluorine atoms 
and fluorine-carbon radicals will react with the silicon into SiF2 and SiF4 molecules and are 
pumped away. The actdition of oxygen helps to increase the content of the reactive fluorine 
radicals. 

Substrate cleaning 

The substrates that are used for depositions are glass slides (for sputtering chromium), 
Coming glass (spec. 7059, for the deposition of individual layers) and Asahi-U (to realize 
Schottky devices and p-i-n solar cells) have to be cleaned intensively before the deposition. 
These substrates are left to soakin suds (a mixture of demi-water and Dextran MA03) for at 
least a few days, then they are scrubbed with the same mixture. The substrates are rinsed with 
(demi-) water and then ultrasonically cleaned for approximately five minutes in IPA (iso
propyl-alcohol); they are dried by blowing nitrogen gas. Asahi-U consists of a TCO film on 
glass. The p-layer is deposited on top of this, for this reason it is extra important to clean the 
substrate very carefully, in order to keep the cell ' s series resistance as low as possible. Grease 
on this substrate (at the TCO-p interface) may result in a series resistance as high as 
400 Ocm2

, compared to typically 10 Ocm2 for clean substrates. A high series resistance 
dramatically decreases the fill factorand consequently (eq. 2.3) the cell ' s efficiency. 

3.4 The plasma as an electrical circuit 

In the simplest case the plasma is represented by two capacitors and a resistance in series, see 
Fig. 3.3b. The capacitors describe the sheath regions with net charge and the resistance 
describes the power loss in the plasma. The capacitance of the sheath depends on the sheath 
thickness dsh: C.h = g&A.hldsh, with Ash the sheath area and ga factor depending on the charge 
distribution in the sheath. For symmetrie discharges in an electropositive gas and charge free 
sheaths with the charge located at the plasma sheath interface g = 1. 

An Excel sheet, in which the effect of changing process and plasma parameters is 
seen on the power coupling to the plasma, is used to calculate the different electrical 
parameters (Rp1, C.h, Pp1 and Vr1). Fig. 3.4 shows the layout of the circuit that is used for the 
calculation in Excel. Input parameters are the dimensions of the system, plasma parameters 
and process settings. Input is obtained from, amongst other things, the ENI V/I-probe (RF 
Plasma Impedance Analyzer). From the VIprobe parameters, obtained when the plasma is not 
ignited, the dark space capacitance Cds and the parasitic resistance Rpar are determined. When 
the plasma is ignited, the VI-probe parameters are used to calculate the plasma resistance and 
capacitance. 

In order to reduce the power losses due to the Ohmic impedance in the transmission 
lines, these lines have been replaced by ones with lower Ohmic impedance, as suggested by 
De Bruijn (2000). From the circuit in Fig. 3.4 it is seen that if less current is going though the 
dark shield capacitor Cds, also less current floats through the parasitic resistance Rpar, and thus 
less power is lost in this resistance. F or this reason teflon has been chosen instead of a 
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ceramic filling in the dark shield to decrease the dark shield capacitance Cds and thus increase 
its impedance. 
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Fig. 3.3 Schematic representation ofthe plasma. a) Electronegative gas (SiH4) at high 
pressure, Perrin (1995); b) Electric circuit representing the plasma. 
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Fig. 3. 4 Schematic diagram of the circuit that is implemenred in Excel. The plasma 
capacitance Cpt used here represents the two Csh in Fig. 3.3b. 

3.5 Depletion 

In the deposition process silane is depleted and hydrogen is formed. The amount of silane 
depleted indicates how efficiently the silane souree gas is used. Furthermore, an estimate of 
the growth rate may be made if the amount of consumed silane gas is known. 

The depletion is measured with a mass spectrometer. During the experiments, gas 
flows from the reactor towards the mass spectrometer. This gas is ionized by electrons and the 
resulting ion current at the selected mass over charge ratio mie is measured. For the intrinsic 
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layer the following ratios have been used: silane, with its main contribution at mie = 30, for 
hydrogen at mie= 2 and for disilane at mie= 60. 

The silane depletion L1Qs;H4 is defined as the difference between the silane flow that is 
admitted in the reactor and the silane flow that leaves the reactor. The depletion is determined 
as follows: 

rff rn t1Q SiH 4 - SiH4 Q 
SiH4 - Joff SiH 4 

SiH4 

(3 .3) 

From the depletion, an estimate of the growth rate is made as follows (Hamers, 1998). 
All silane molecules that are depleted are assumed to be used in the deposition of a-Si:H, i.e. 
no large amounts of higher silane molecules or dust are formed. Furthermore the deposition 
over the surface of the plasma reactor bounding the plasma is considered to be homogenous. 
This area A is approximately 0.17 m2

. The estimate ofthe growth rater/st becomes: 

(3.4) 

where pis the density ofthe a-Si:H network, 5·1028 m-3. If all the admitted silane is consumed 
then a typical flow of 50 seem will result in a maximum growth rate of 2.5 nrnls. In the 
experiments a typical value of the depletion LIQ 4 is 6 seem. For this typical depletion, the 
expected growth rate is 0.3 nrnls. 
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4. Material and cell characterization 

This chapter fiTst describes the techniques used in the opttmtzation of the individual 
hydrogenated amorphous silicon layers, optically as well as electronically. Then the 
techniques used in the total device optimization are described. By means of I(V) 
measurements, as described in section 2.4, Quanturn Efficiency and Variabie Illumination 
Measurements solar cells made under different deposition conditions are tested. 

4.1 Material characterization 

The minimum set of characteristic parameters that should be determined to qualify 
hydrogenated amorphous silicon for use in p-i-n type solar cells consists of the photo 
conductivity CYph, the dark conductivity CYd, the activation energy Ea of the dark conductivity 
and the optical band gap Eg. In this section these as well as some other characteristic 
parameters will be explained. 

4.1.1 Photo and dark conductivity measurements 

Photoconductivity and .ur-product 

The photoconductivity CYph of a sample is an indicator of the charge carrier generation (by 
light absorption) and their mobilities. The photoconductivity is found as a function of the 
steady state photoconductivity mobility-lifetime ,UT-product (.urph): 

(4.1) 

with f.1e and .Uh the drift mobility of the respectively negative and positive carriers, Te and Th 

the life times of the electrans and the holes, respectively and G the generation rate. Though 
the ,UT-product of both carriers seem to contribute to ,LLTph, it is actually determined by the 
majority carrier with a much longer lifetime (Rose, 1963): the electrons for the intrinsic layer. 
Equation (4.1) shows that a high photoconductivity is obtained if the mobility-lifetime 
product JLT is high and the generation rate G is high i.e highly absorbing or thick intrinsic 
layer. This results in better intrinsic layers of asolar cell (more current generation and better 
current collection). The requirement forintrinsic device quality material is Oj,h > 10·5 n·1cm·1• 

A device quality value for the mobility-lifetime product at 600 nm is JLT ?. 10·7 cm2N . 

:ub: tratc 

Fig. 4.1 Geometry of the coplanar electrades on the samples. The distance l between 
the electrades is 0.5 mm and their width wis 25 mm. Si nee l- UI -d for typical 
film thicknesses, edge effects are neglected in calculating the conductivity 
(Voz, 2001). 
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The photoconductivity is determined from a single layer deposited on highly resistive 
glass. On this layer strips should be deposited with a low work function at a small mutual 
distance ( < 1 mm), see Fig. 4.1. Wh en the film is illuminated with a solar simulator that gives 
the AM1.5 spectrum at an intensity of 100 mW/cm2

, the conductivity is determined with: 

Il 
0'=--

Vwd 
(4.2) 

where I is the measured current, V the applied voltage, d the thickness of the silicon film, l the 
distance between the strips and w the length of the strips. The error of the photoconductivity 
measurements is approximately 20 %, this includes deviations in the distance between the 
electrodes and in the thickness of the layer. 

Dark conductivity and activation energy 

The conductivity of a-Si:H is usually thermally activated, at least over a limited temperature 
range and is described by: 

O'(T) = 0' 0 exp(-E a I kT) (4.3) 

in which CYo is a conductivity prefactor, T the absolute temperature and k the Boltzmann' s 
constant. This linear relationship between log( a(T)) and l!T is an approximation since the 
mobility, and thus the prefactor, is weakly temperature dependent (Meijer-Neldel). The 
activation of the dark conductivity ( CYd = a(300 K)) is a good measure of the energy difference 
between the Fermi level and the conduction band edge for electron transportand together with 
the optical gap (see subsection 4.1.2) it indicates the presence or absence of impurities 
(recombination centres) in the materiaL Small impurities (e.g. B or P, 0 or N) in the intrinsic 
layer shift the Fermi level over several tentbs of eV, severely limiting the minority carrier 
driftldiffusion length in devices. 

The dark conductivity and the activation energy are obtained using the same electrode 
geometry as for the photoconductivity (see Fig. 4.1). The substrate with deposited film and 
sputtered aluminium strips is placed in a vacuum box (± 20 Pa), which is masked for all light. 
The vacuum is necessary to avoid conduction on the surface by condensed water (which is 
present in the air). The substrate is placed on a heating block, which temperature could be 
varied between 293 K and 423 K. The substrate is heated and the temperature is kept at 400 K 
for 10 minutes to stabilise. Wh en cooling the substrate from 400 K to 325 K, the current is 
measured at a voltage of 200 V ( intrinsic mate rial) or 50-100 V (p-type material) as a function 
of the temperature. 

The error in the activation energy is typically 6 %. The error in the dark conductivity 
is larger, up toa factor 2.5, since this is an extrapolation ofthe measurement points and logCYd 

is the actual measurement parameter. The deviations in the temperature and in the layer 
thickness also influence the dark conductivity. 

For intrinsic device quality material, the dark conductivity should be smaller than 
10-11 n-1cm-1 and the activation energy for intrinsic material should be larger than 0.75 eV. 
The photo response CYphl CYd has to be larger than 106

. For p-type a-Si:H the dark conductivity 
should be larger than 10-6 n-1cm-1 and an activation energy smaller than 0.45 eV is required. 
The dark conductivity for n-type a-Si:H should be larger than 10-3 n-1cm-1 and the activation 
energy smaller than 0.3 eV (Schropp and Zeman, 1998). 
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4.1.2 Reflection Transmission (RT) measurements 

Reflection Transmission (RT) measurements have been performed at Delft University of 
Technology as wellas at Akzo Nobel Chemieals Research Arnhem todetermine the refractive 
index, optical band gap and the film thickness. The setup in Delft consists of, among other 
things, a monochromater to obtain light of different wavelengths and is described by De 
Bruijn (2000). Fig. 4.2 shows the schematic diagram of the optical measurement system used 
at Akzo Nobel. This set-up consistsof (from left to the right) a maximal 90 Watt Xenon Are 
lamp used as light source, a diaphragm, filter wheel, chopper, diaphragm, beam splitter, 
sample (placed with the deposited film towards the transmission detector), lens and 
transmission detector. The beam splitter reflects the light that is reflected on the sample into 
the reflection measurement branch, consisting of a lens and the reflection detector. The filter 
wheel contains 59 filters, each with a bandwidth of 10 nm. It covers the wavelength range 
from 350-940 nm in 10 nm steps. The beam splitter consists of 36% transparent Chromium on 
a glass slide. The reflection and transmission detectors are connected to a pc via two lock-in 
amplifiers. Analysing of the RT measurements is done by means of the program Opta 2.1 
made by DIMES (Delft Institute ofMicroelectronics and Submicron Technology). 

lock-in lock-in 
amplifier amplifier 

Lamp filter wheel chopper beam splitter sample lens 

Fig.4.2 Set-up for rejlection transmission measurements 

Film thickness 

With the RT measurements the thickness of the film can be calculated, e.g. by calculations 
from the distance between the minima and maximums in the reflection caused by interference 
(the film should be thicker than 300 nm and thinner than 1200 nm). The thickness is measured 
with a 20 nm precision. The inhomogeneity of the deposition causes another 20 to 30 nm 
inaccuracy. It is recommended to perform RT measurements on that part of the sample that 
was located at a predetermined position during the deposition. 

F or films thinner than 300 nm the thickness can be determined by means of Dektak 
profilometer measurements (scanning a stepped surface with a very thin needle), the layer 
thickness has to be larger than 100 nm or by AFM (Atomie Force Measurements), which 
measures thicknesses down to 25 nm. 

The intrinsic layer in asolar cell should be as thin as possible, given a predetermined 
total absorption. In thinner films less carriers recombine before they reach the doped layers, 
and thus more current is generated by the solar cell. Additional, thin layers suffer less from 
photo-induced degradation (see also section 4.2) than thick films. The doped layers should be 
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thicker than the depletion region, to avoid minority carriers reaching the contact. On the other 
hand, the p-layer should absorb as little light as possible, an optimum has to be found. 

Refractive index and extinction coefficient 

The optical properties of a-Si :H are described by the refractive index n and the extinction 
coefficient k. The absorption coefficient a and the optical band gap Eg are obtained from the 
extinction coefficient. Typical measurement errors in the refractive index are 3 % and in the 
extinction coefficient 6 %. These are due to the flexibility in the data fits . 

Optical band gap 

The Tauc optical band gap Eg determines the dependenee of the absorption a on the photon 
energy hv. 

~a(v)hv =C(hv-Eg), (4.4) 

where C is a constant. De Bruijn (2000) describes the procedures in order to calculate the 
band gap, which is determined by extrapolating the linear part of a suitable function of the 
absorption a plotted versus the photon energy to a= 0. A reasonable fit to data taken from 
intrinsic a-Si:H should yield Eg< 1.8 eV, for p-type material the fit should yield Eg> 2.0 eV. 
Higher Eg means less absorption, which is desired in the p-layer. A lower value for Eg (more 
absorption) is desired in the active layer ofthe solar cell, the intrinsic layer. 

The outcome of these measurements is often too low: 5 to 10 %. This is partly due to 
a smalt amount of measurement points in the energy interval form 1.9 to 2.5 eV where the 
data fit is taken, corresponding to a wavelength interval from 500 to 650 nm. It is 
recommended to take more measurements in this interval, by adding more optical filters, in 
order to make the data points to be fit more recognisable. Filters should e.g be available to 
every five nanometer wavelength. 

4.1.3 Fourier Transformed Jnfrared transmi/tanee (FTIR) measurements 

Fourier Transformed Infrared transmittance (FTIR) spectroscopy is a method todetermine the 
hydrogen content. In a-Si:H films only SiH is desired, since SiH2 severely disrupts the 
structure ofthe film and is believed to increase the resistivity considerably (Brussaard, 1994). 
Hydrogen bonded as SiH has a stretching mode vibration at 2000 cm·1

, hydrogen that is 
bonded otherwise has a stretching mode vibration that is shifted over 60-100 cm·1 to higher 
wave numbers. 

The FTIR-spectrum is taken from an a-Si:H film that is deposited on a c-Si wafer 
from which the infrared spectrum is known. The fraction of hydrogen atoms that are not in 
isolated SiH honds surrounded by a dense network is indicated with the microstructure 
parameter R*, which is defined as 

R• = 1 2o60-21oo 

12000 +12060-2100 
(4.5) 

with 1; the integrated absorption fora peak with wave number i. ldeally, the value of R* is 
zero, but for practical purposes R* < 0.1 is acceptable. The measurement error depends on the 
intensity of the SiH2 peak ( around 2060-2100 cm·1 

): smalt SiH2 peaks result in larger errors, 
up to 25 %, for the consequently lower R*. This is the case for R* < 0.05. A large signal -
measurement noise ratio also increases the error. 



Table 4.1 
Criteria for device quality intrinsic and p-type 
a-Si:H films for application in solar cells 

Properties Requirement 
intrinsic layer p-layer 

Dark conductivitv ad < JO-l! fr1cm·l > 10-6 (r1cm·1 

Activation energy Ea > 0.75 eV < 0.45 eV 

Photo response aol ad > 106 -
Tauc gap El! < 1.8 eV > 2.0 eV 
Microstructure parameter R* < 0.1 -

Table 4.1 summarizes the requirements for device quality intrinsic and the p-layer. 

4.2 Cell characterization 
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In chapter 2 the /(V) characteristic has already been introduced, this fast measurement yields 
an impression of the electronic behaviour of the cell under illumination. The characterization 
of solar cell performance is done by measuring the efficiency, while the cell is exposed to 
illumination with an AM1.5 (Air Mass 1.5) spectrum at an intensity of 100 mW/cm2

. Air 
Mass 1.5 conditions at 100 mW/cm2 (sun at 45° above horizon on a sunny day in July) 
represent an energy-weighted average for terrestrial applications. In this section the Quanturn 
Efficiency is explained and the Variabie Illumination Measurements method is introduced. 

4.2.1 Quanturn Efficiency (QE) 

The optical properties of the cell are assessed by speetral response measurements. The 
speetral response of a solar cell is given by the ratio of the photogenerated current to the 
incident power: 

(4.6) 

1t indicates the fraction of incident photons of a given wavelength that results in an electron
hole paircollectedat the contacts ofthe cell (Quantum Efficiency, QE). 

For short wave lengths (UV light) the absorption is high and light is absorbed in the 
first part of the semiconductor. Normal solar cells are not very effective at collecting light 
generated near the surface (Green, 1992). Light passes first through the TCO and the p-layer, 
when entering the a-Si :H layers. Adding carbon to the p-layer (window layer) will increase 
the band gap and consequently decrease the absorption of blue light. At intermediate 
wavelengths, the absorption coefficient is smaller in value and a large portion ofthe carriers is 
generated in regions where the collection probability is high. For this reason, the quanturn 
efficiency increases. Long wavelength light is absorbed very weakly and only a small portion 
is absorbed in the active region of the cell and stronger in the back contact. The QE therefore 
decreases, dropping to zero once the photons have insuftleient energy to create electron-hole 
pairs. Using a back surface reflector as back contact will give the longer wavelengtbs a 
second chance at being absorbed. 

Speetral response measurements are done using a set-up similar to the set-up for RT 
measurements (Fig. 4.2), leaving out the reflection branch. The transmission detector and the 
sample are replaced by a frame, on which the solar cell is connected. Measurement probes are 
placed on the TCO and the aluminium back contact. The experiments are performed without 
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applied bias voltage and without bias light. Applying bias light has the advantage of avoiding 
the effect of differences between the transmissions of the filters . 

From the QE an indication for the short circuit current density l,c under one sun 
illumination is obtained as following: assume the sun to be a black body radiator at 5700 K 
and use Planck's radiation law for the pboton density S/h 

(4.7) 

The amount of photons per wavelength interval dÀ., radiated per square meter sun surface is 
obtained. Correcting for the amount that reaches 1 m2 on theearth 's surface and multiplying 
this with the Quanturn Efficiency, the current as a function of the wavelength is calculated. 
Integrating over the wavelengtbs of the measured spectrum results in an indication for the 
short circuit current density. Appendix C shows an overview of the used calculations. The 
black body assumption for the sun ignores the absorption in the earth's atmosphere and the 
calculated current density therefore should be higher than the short circuit current density 
obtained from IUI)-curves measured with the AM1.5 solar spectrum at 100 mW/cm2

. 

4.2.2 Variabie lllumination Measurements (VIM) 

The Variabie Illumination Measurements (VIM) metbod has been developed at University of 
Barcelona, department of Fisica Aplicada i Optica. lt is used to obtain more information about 
p-i-n structured silicon solar cells, such as the cell's series resistance R, and the parallel 
resistance Rp. 

First /(V) characteristics are taken at different illumination levels. The intensities of 
these illumination levels are not absolutely calibrated. The second step is determining the /(V) 
characteristic parameters, such as short circuit current l,c, open circuit voltage V oe and fill 
factor FF. Then the solar cells characteristic parameters are presented as a function of the 
short circuit current l ,c to avoid the need of calibration. 

The equivalent circuit that is used to explain the VIM results (see Fig.4.3) consists of 
a current souree shunted by a diode. The resistances are introduced to describe the behaviour 
of real solar cells with their technica! limitations. To predict the behaviour of solar cells, a 
recombination loss term lrec is added: 

In chapter 6 the model is discussed in more detail. 

I(V) 

Fig. 4.3 The single exponential model of a solar cel/ (existing of a current source, 
diode, series and parallel resistance), extended with a recombination term. 
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5. Results and discussion 

The approach that was chosen to get a better insight in how to improve a p-i-n solar cell, is 
divided in two parts: examining methods for optimizing the individuallayers (p and i-layer are 
described in this report) and those for optimizing the solar cell as a whole. The first section 
describes the process for the active layer of the device, the intrinsic layer. The optimization 
method for this layer is the 'design of experiments' (DoE) or Box-Behnken method, in order to 
study the influence of two parameters by doing a limited amount of experiments. Section 5.2 
describes the methods for the p-layer optimization process. Here ' sequentia! optimization' was 
chosen : varying one process parameter at a time. In both sections the individuallayer quality as 
wellas the device quality is discussed. 

Table 5.1 
Default process parameter settings for the p-layer, the intrinsic 
layer and the n-layer. 

Parameter p-layer i-layer n-layer 
Layer thickness 20nm 400nm 20nm 
Gas pressure 20Pa 20Pa 20Pa 
RF-power 15 w 15 w 15 w 
Si~ flow 37.5 seem 50 seem 37.5 seem 
Hz flow 75 seem 100 seem 75 seem 
Bz~ flow 2 seem - -
e~ flow 85 seem - -
PH3flow - - 2.07 seem 
Substrate temperature 1 160 oe 180 oe 200 oe 
Electrode distance 50mm 50mm 50mm 

The default deposition settings (standard on the first of January 2001 ) used for the p
layer, the intrinsic layer and the n-layer are displayed in Table 5.1. 

5.1 Intrinsic layer optimization methods 

For a suitable intrinsic layer, many process parameters can be varied: Si~ and Hz flow, 
deposition temperature, power and pressure etc. The parameters considered in this section are 
the RF-power and the gas pressure in the plasma. The pressure variation is expected to give a 
good indication of the a~y' transition in the plasma (see section 3.3). These two regimes 
result in different quality a-Si :H layers and different growth rates. High power deposition is 
expected to yield higher growth rates, which is desired for industrial roll-to-roll process. 

The pressure has been varied in steps of 10 Pa from 10 to 70 Pa, the power from 5 to 
25 W in steps of 5 W. The used method is DoE, which means that by taking a limited amount 
of measurements an indication is obtained of the layer properties over a specific area of 
parameter space. Table 4.1 summarizes the requirements for the quality of the intrinsic layer. 

In subsection 5.1.1 the plasma properties (including the growth rate) under different 
conditions will be discussed, and the a~y' transition is explained. This subsection is followed 
by a discussion of the electrooie and optical qualities of the grown intrinsic layers. Subsection 
5.1.3 reports about Schottky devices that are made to study the device properties of the 

1 A temperature setting of 253 oe for the p-layer yields a substrate temperature of 160 oe; a setting of 
322 oe for the intrinsic layer yields a substrate temperature of 180 oe and a temperature setting of 
307 oe means a substrate temperature for the n-layer of 200 oe (De Bruijn, 2000). 
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intrinsic layers. The conditions that resulted in the best devices have been used to deposit solar 
cells (5.1.4); / (JI)-characteristics ofthese cells are shown. 

5.1 .1 Step 1: de termine the a--fy' transition 

Severallayer properties depend on the layer thickness, so it is preferabie to work with layers of 
equal thickness. A commonly used i-layer thickness is 400 nm (Street, 1991 ; p. 387). Corning 
glass (spec. 7059) is used as substrate. The values of the plasma properties for these 
measurements (such as plasma resistance and DC bias voltage) are found in Appendix Al. 

The thickness of the intrinsic a-Si :H films is obtained by means of spectroscopie 
Reflection-Transmission measurements. From the thickness the growth rate is calculated. Fig. 
5.1 shows the growth rate as a function of the pressure and the power setting. In this plot, a 
clear growth rate increase is seen for higher pressures and powers. The transition edge is along 
the line from (p, P) = (10, 25) to (p, P) = (70, 5). The sudden increase in growth rate while 
varying pressure and power is attributed to an a-+y' transition, with the lower growth rate 
regime (typically rd = 0.1 nm/s) indicated as the a-regime and that with the higher growth rate 
(typically rd = 0.5 nm/s) as the y' -regime. 

10 

0.9 

0.8 

0.7 

0.6 

Fig. 5.1 The growth rate rd increases with increasing pressure pand power P. 

The plasma resistance is used to study where the a-+y' transition occurs 
for a given power. As explained in section 3.2, in the y' -regime more dust is 
formed; these dust particles attract electrons, leaving fewer electrons bebind 
which causes the plasma to become more resistive. The dissociation degree 
becomes higher, which results in a higher growth rate. This increased 
resistivity is also found in experiments. The plasma resistance is calculated 



from the VI-probe measurements as described in section 3.4. Fig. 5.2 shows 
that the plasma resistance increases with increasing pressure (P = 15 Wi . 

Fig. 5.2 
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The plasma resistance increases with increasing pressure using 
15 W power. The change in the slope in the graph shows the 
a-fy' transition 

From p = 10 Pa top = 35 Pa the slope of the graph is almost 2.5 times 
smaller than the slope of the second part of the graph, where the plasma 
resistance increases with 61 n as the pressure increases with 10 Pa. At 
p = 20 Pa (a-regime) the plasma resistance Rp1 = 115 n and at p = 50 Pa 
(y' -regime) Rp1 = 235 n. 

Perrin et al (1 988) reports that the a~y' transition is also observed in the 
RF potential Vrf Wh en the pressure is raised at a constant generator power P, 
the discharge transition is revealed by a decrease of Vrf Calculations from the 
same VI-probe measurements as described earlier yield among other things 
the RF-voltage. This V if is lower for the high pressures than for low pressures, 
typ i cal values are Vrf = 135 V (a-regime) and Vrf = 110 V (y' -regime). The 
transition is also revealed by a change in the slope ofthe curve at 35 Pa. 

Furthermore, the DC bias voltage also indicates the a~y' transition: In the 
a-regime, the DC bias is highly negative down to -140 V3 and typically -40 V, 
in the y' -regime near zero (typically -5 V). With increasing pressure, the ion 
density increases and the sheaths become narrower. This leads to a higher 
sheath capacitance, a decreased sheath potential and consequently to a smaller 
(less negative) DC bias voltage. 

27 

Returning to the dependenee of the growth rate on the gas pressure (Fig. 5.1), for 
P = 15 W, the transition to higher growth rates is also present at p = 35 Pa. The residence time 

2 It should be noted that these measurements have been taken many depositions earlier, without cleaning 
the vacuum chambers in the mean time. This bas resulted in higher values for the measured plasma 
resistance compared to those in Appendix Al. 
3 This large DC bias voltage on the RF electrode implies a large voltage difference over the sheath near 
the grounded electrode, resulting in ion bombardment at this electrode: sputtering. 
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is Z'res = p ·VIQ, withp the pressure, V the plasma volume between the electrodes (2.9·10-3 m3
) 

and Q the total gas flow (150 seem). The pressure p = 35 Pa corresponds to a gas residence 
time Z'res = 0.4 s. Oversluizen et al find for the transition to higher growth rates in a-Si:H 
deposition, using 15 W with the same deposition system, a residence time Z'res = 0.6 s. These 
values for the residence time do correspond to ours, indicating reproducibility. However, it 
should be noted that the coupling efficiency of the VIS-1 00 is different amongst others because 
the ceramic dielectric filler has been replaced by teflon and the Ohmic impedance of the 
transmission lines has been reduced. Fridman et al (1996) report an a-+y' transition in their 
10 W RF-discharge fora residence time of 0.5 s at room temperature and several seconds fora 
temperature of 400 K. 

Based on the above discussion it is assumed that the increase in the growth rate occurs 
at the a-+y' transition. But why does the growth rate increase faster in the y' -regime compared 
to that in the a-regime? From the Si~ depletion 11Qs;H4 the estimated growth rate (based on 
the assumption of a homogeneous deposition on the plasma confining surfaces) is calculated, 
using eq. 3.4. The growth rate is measured at one point of the substrate, the silane depletion 
counts for the whole surface. For 11Qs;H4 = 1 seem the expected growth rate r/s1 = 0.05 nrnls, 
thus at 11Qs;H4 = 15 seem a growth rate of r/st = 0.75 nrn/s is expected. Fig. 5.3 shows these 
expected growth rates and the measured growth rate as a function of the Si~ depletion, 
distinguishing between the a-regime and the y' -regime. For higher Si~ depletion (e.g. 
10 seem) the estimated growth rate (r/s1 

= 0.52 nrnls) is closer to the growth rate in the 
y' -regime (rd r:::! 0.5 nrn/s) rather than to the growth rate in the a-regime (rd r:::! 0.15 nrnls). 
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Fig. 5.3 Growth rate versus SiH4 depletion, distinguishing between the a-regime and 
the y '-regime. The estimated growth rate (eq. 3.4) is also shown. 

The slope of the line through the y' -regime points is almost six times larger than the 
slope ofthe line through the a-regime points. This more effective deposition on the substrate is 
firstly attributed to the electrically increased symmetry of the plasma in the y' -regime. The DC 
bias voltage in the y' -regime is typically -5 V and in the a-regime highly negative, typically 
-40 V. Oversluizen et al (1998) find similar values for the DC bias voltage with increasing 
pressure. The near zero DC bias in the y' regime is an indication of an electrically more 
symmetrie plasma (see also section 3.2), which may cause a more efficient deposition on the 
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substrate. Hamers (1998) reports similar results for the deposition rate and the depletion. He 
attributes the deviation from the expected growth rate in the a-regime partly to non-uniform 
deposition. An additional reason may be that sputtering in the very low pressure regime lowers 
the growth rate. 

The plasma properties indicate the a~y' transition in the plasma. In the y' -regime the 
growth rate at a given depletion is significantly higher than in the a-regime. This is attributed 
to a more symmetrie plasma in the y' -regime. Another reason for the increased growth rate is 
that the material, deposited under y' -regime conditions, is less compact as can be observed 
from a decreased refractive index. In the next section the optical and electronic properties 
(such as the refractive index) ofthe layers are considered. 

5.1.2 Step 2: find the best optoelectronic properties 

The requirements for the intrinsic layer quality are summarised in Table 4.1. Information about 
the activation energy, dark and photoconductivity, the optical gap, refraction index as well as 
the extinction coefficient is displayed for the different pressures and powers in Appendix A2. 
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Fig. 5.4 The refractive index at 2 eV versus the growth rate, distinguishing between 
a-regime and y'-regime. 

The spectroscopie Reflection Transmission measurements also yield the refractive 
index. Increasing growth rate results in less compact material and thus decreasing refractive 
index. Fig. 5.4 shows this relation between the growth rate and the refractive index. Based on 
the Bruggeman effective medium approximation (EMA) the volume fraction of a-Si:H in the 
film is calculated, using the complex refraction index (n =n- ik) (Topkins, 1993): 

- 2 - 2 1 - 2 
na- Si:H - nejJ - nejJ 

f 2 2 + (1- f) 2 = 0 . - 2- 1 2-na-Si:H + neff + neff 
(5.1) 

In this equation YzeJJ and fza.s;.-H are the complex refractive indices of the effective 
medium and a-Si:H respectively. The fraction of a-Si:H in the film is represented by f The host 
medium is chosen to be vacuum. For the effective medium a point in the y' -regime is chosen 
(neff = 3.85-0.05i). The values for a-Si:H are taken from a a-regime point (na.s;.-H = 4.3-0.12i). 
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For high growth rates the a-Si:H fraction fis 0.86 times the a-Si:H fraction for low growth 
rates. This less dense structure only partly contributes to the increased growth rate. The denser 
structure in the (highly negative DC bias part of the) a-regime is attributed to sputtering. 

Fig. 5.5a shows the photoconductivity CYph as a function of the microstructure 
parameter R* for the intrinsic layers that have been deposited. Samples in the dasbed area 
fulfill the requirements for device quality material for these two parameters. This plot shows 
that for low microstructure parameters, the photoconductivity is high. With increasing 
microstructure parameter the conductivity decreases (some samples excluded); now the amount 
of voids increases and therefore the mobility decreases. A high R* does not automatically 
imply low conductivity. In section 4.1 it is reported that it is believed that with an increasing 
fraction of SiH2 groups in the material the resistivity of the intrinsic layer increases 
considerably and consequently the conductivity decreases. 
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Fig. 5.5 a) The photoconductivity Oj;h as ajunetion ofthe microstructure parameter R* 

and b) the dark conductivity CYd as ajunetion of R* The dashed area indicates 
the values that fuljill the device quality requirements. 

Fig. 5.5b shows the dark conductivity as a function of the microstructure parameter. 
This plot shows that the dark conductivity first increases and then decreases with increasing 
R*. The first part of the graph is explained by increasing defect densities, causing higher dark 
conductivity. For even higher microstructure parameters the behavior is dominated by the 
increased amount of voids, which causes lower mobility and consequently a lower dark 
conductivity. 

Fig. 5.6 shows the dark conductivity for the used pressures and powers. The 
requirement for the dark conductivity is fulfilled for none of the samples, but the best values 
for the dark conductivity are in the low pressure, low power (and low deposition rate) area. 
Apart from the dark conductivity, the activation energy, and the photo response describe the 
quality of the i-layer for application in solar cells. In the low pressure, low power area the 
activation energy Ea is larger than 0.8 eV, which is high enough for device quality materiaL 
The photo response CYph/ CYd in this area is larger than 0.9·1 06

, for higher pressure and higher 
power the response decrease to values as low as 1.4·103

, due to both the dark and the 
photoconductivity. 

The optical band gap is an additional parameter that indicates the quality of the 
deposited layer and is obtained from RT measurements. The Tauc gap is 1.7 ± 0.1 eV for all 
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samples, without clear tendency. (For high growth rates the gap is 1.65 ± 0.05 eV, but only a 
few samples have been measured.). All samples fulfill the requirement for the optical gap 
Eg < 1.8 eV. 
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Fig. 5. 6 The dark conductivity O'd as a function of the setting pressure and power. 

Based on the above discussion it is expected that intrinsic layers that are produced with 
a pressure setting between 10 and 40 Pa and with a power setting between 5 and 15 W will 
lead to good quality devices. Schottky devices have been produced, in order to check the 
behavior in an actual device of these intrinsic layers without the difficulty of an undefined, 
perhaps unsuitable p-layer. 

5.1.3 Step 3: realize Schottky devices 

The substrate of the Schottky devices used consists of an n-type a-Si:H layer on TCO on glass 
(Asahi U). On top of this an a-Si :H intrinsic layer is deposited (see also Fig. 2.2) and the front 
contact consists of a 15-20 nm thick chromium layer, as was recommended by Street (2001). 
Light travels through the chromium layer first, so this contact has to be very transparent, but 
properly conducting at the same time. The transparency of the chromium contact is 36% and 
the resistivity R sq = 2400/sq. Appendix A3 contains the characteristic parameters, as described 
in section 2.4, of the l(V)-curves that have been taken from these devices under AM1.5 
illumination. 

A high short circuit current density increases the cell efficiency (eq. 2.3). Fig. 5.7 
shows the short circuit current density lsc for devices with intrinsic layers that have been grown 
with different pressure and power settings. The short circuit current density seems constant 
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Clsc:::::: 4 mA/cm2
)

4
, except forsome points in the high pressure, high power area. Forthese last 

mentioned points, the current density is lower, which is not desired in devices. 
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Fig. 5. 7 The short circuit current density l sc under AMJ.5 illumination of the Schottky 
device for the different pressure and power settings of the intrinsic layer. For 
clarity the x-axis and y-axis are rotated compared to those in Fig. 5.1 and Fig. 
5.6. 

Fig. 5.8 shows the quanturn efficiency QE as a fi.mction ofthe wavelength ofincoming 
light for p-i-n-solar cell HP086 (deposited with default settings) and for Schottky device 
HP075 (with an intrinsic layer that is deposited with p = 25 Pa and P = 15 W, values close to 
the default settings). Additional the QE of HP075 is shown, corrected for the transparency of 
the chromium layer. From this plot it is seen that the corrected QE curve of the Schottky device 
corresponds with the p-i-n solar cell, although it seems to be slightly shifted to higher 
wavelengths. This shift may be explained by a wavelength dependenee transmission of the 
chromium. Reflection of incident light on the chromium surface may also contribute to a lower 
QE in the blue region. 

From the QE plots an indication of the short circuit current density is 
obtained as described in section 4.2. For the pin solar cell HP086 l s/a1 

= 16 
mA/cm2

, compared to the measured l sc = 16.3 mA/cm2
. For Schottky device 

HP075 ls/a1 = 5.5 mA/cm2 and lsc = 3.7 mA/cm2 has been measured. This 
calculated ls/a1 value is almost 1.5 times higher than the measured short 
circuit current density. This inconsistency is partly explained by the speetral 
dependenee of the chromium transmission because this transmission is not 
constant (0.36 ± 0.04, with a minimum at 550 nm) in a wavelength interval 

4 If the transparency (36%) of the chromium contact is taken into account, the corrected short circuit 
current density is typically 4/0.36 = 11 mA/cm2

, which is lower than fora p-i-n solar cell (typically 
15 mA/cm2

) . 



between 400 and 900 nm. Additionally, the I( V) curve of a Schottky device is 
measured by placing the measurement probe on the front contact (chromium). 
Below this probe there is no incoming light to the solar cell because of the 
shadow that the probe causes. This may result in a 10% lower short circuit 
current density. So corrected for the illuminated area, lsc = 4.1 mA/cm2

. This 
contributes to a lower measured lsc than the calculated short circuit current 
density. However, the calculated value still gives a reasonable indication for 
the short circuit current density. 
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Fig. 5.8 The quanturn efficiency as a function of the wavelength for pin solar cel! 
HP086 (default settings) and Schottky device HP075 (different pressure 
setting, namely 25 Pa). Also shownis HP075, correctedfor the transparency 
(36%) of the chromium contact. 

Plots of other J(V) parameters than the short circuit current density, such as the fill 
factor FF (typically 0.33 in the a-regime) and the open circuit voltage Voc (typically 0.36 V) 
result in plots similar to that in Fig. 5.7: the metbod of using Schottky devices only allows for 
discrimination of settings that result in extremely poor devices. Apparently the pressure and 
power area investigated was small enough to include mainly deposition conditions for good 
devices. Using Schottky devicesas optimization metbod will be useful if not much is known 
about the optima! deposition conditions because it will separate only the wheat from the chaff 

5.1.4 Step 4: (find the best i-layer thickness in) p-i-n solar cells 

One of the settings that yields an overall good quality intrinsic layer (although its dark 
conductivity is higher than required: CJd = 3-10-10 n ·'cm-1

) and a good quality Schottky device, 
is with an intrinsic layer made with a gas pressure of 10 Pa and an RF power of 25 W. A fast 
metbod to compare the quality of the solar cell with an intrinsic layer made with the new 
pressure and power settings with quality of the solar cell made with the default settings is by 
means of anI( V) characteristic. 

Fig. 5.9 shows the J(V) characteristics at one sun AM1.5 illumination for solar cells 
HP086 (default settings) and HP093 (new pand P setting). Solar cell HP093 shows improved 
efficiency compared to cell HP086. This increased efficiency is mainly caused by an increased 
open circuit voltage Voc (0.78 V~0. 83 V) and an increased fill factor FF (0 . 55~0 . 64) . The 
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improved FF is mainly because of a decreased Roe from 15 Qcm2 to 11 Qcm2
. This may be 

caused by less recombination at the pli interface, resulting in a lower series resistance. The 
short circuit current density has decreased from l sc = 16.3 mA/cm2 to l sc = 15.8 mA/cm2

. 

In future research the thickness of the intrinsic layer has to be varied in order to find 
the optima! thickness. 
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Fig. 5.9 ! (V) characteristic at one sun AM1.5 illumination of the solar cel! HP086 
(default settings) and HP093 (p = JO Pa and P = 25 W for the intrinsic layer). 
The p-layer and n-layer are assumed to be reproduced. 

Summary 

In this section various aspects of the deposition of the intrinsic layer have been evaluated. First 
the plasma properties have been studied. An a~y' transition has been observed; leading to five 
times higher growth rates for high pressure and power settings (y' -regime), compared to the 
growth rates in the a-regime. In the y' -regime the plasma is more symmetrie, resulting in more 
deposition on the substrate. Secondly, the optica} and electrical quality ofthe intrinsic layer has 
been evaluated. The requirements for the intrinsic layer are fulfilled best for layers that are 
deposited under the a-regime conditions. The used method for this optimization process was 
Design of Experiments (DoE) and the parameters to be varied we re the gas pressure p and the 
RF power P. These intrinsic layers have been tested first in Schottky devices, avoiding the 
need of a p-layer. These Schottky devices eliminate the worst deposition conditions and will be 
useful if only a small amount of information about optima! deposition settings is available. The 
optimized settings for the gas pressure (p = 10 Pa) and RF power (P = 25 W) result in higher 
efficiency p-i-n solar cells (8.3 %) compared to the solar cell that has been deposited under 
default conditions (7.0 %). 

5.2 p-layer optimization methods 

The influence of the gas pressure, the CHt-flow and the B2H6-flow on the p-layer quality is 
considered in subsection 5 .2.1; the optica! and electronic properties of the deposited p-layers 
are discussed. The device properties for p-layers of different thickness are discussed in 
subsection 5.2.2. For this process ' sequentia! optimization' is used, which implies that one 
process parameter at a time is varied to find an optima! setting. The default settings for the 
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deposition ofthe p-layer are presented in Table 5.1. The requirements for device quality p-type 
material are listed in Table 4.1. 

5.2.1 Step l :find the best optoelectronic properties 

In order to measure and compare the different deposition conditions, films of approximately 
400 nm have been deposited on Coming (spec. 7059) glass. RT-measurements and dark 
conductivity measurements have been performed on these samples. First the pressure 
optimization is discussed, foliowed by the methane flow and this section finishes with a 
description of the diborane flow optimization. 

Gas pressure 

De Bruijn (2000) observed a decrease of the activation energy with increasing gas pressure. 
Tbe growth rate increases witb increasing pressure. Tberefore the pressure is varied: between 
20 and 70 Pa in 10 Pa steps. For p = 20 Pa the growtb rate is 0.12 nm/s, for p = 70 Pa 
0.43 nm/s. Appendix B 1 contains the measurement results of tbe pressure variation for the p
layer. 

The dark conductivity was O"d > 10-6 r.r'cm· ' in all measured samples, so tbis was not 
tbe discriminating factor. Fig. 5.10 shows tbe activation energy and optica! gap as a function of 
the gas pressure. Tbe activation energy decreases from 0.52 eV to 0.44 eV with increasing 
pressure from 20 Pa to 60 Pa, wbere it reacbes a minimum. Tbe optica! band gap bas a small 
maximum at p = 50 Pa, but is fairly constant over tbis pressure range. Including the error in tbe 
measurements, the band gap fulfills tbe requirement at all the measured pressures. Tbe best 
activation energy (baving mucb smaller measurement errors) is obtained from a p-layer tbat is 
deposited at a pressure of 60 Pa. Thus a pressure setting of 60 Pa bas been cbosen for further 
measurements. 
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Fig. 5. 10 Activation energy Ea ( • ) and Tauc gap Eg (A ) as a function of the va ried gas 
pressure p. 

Methane flow 

It is known tbat actding methane to the gas mixture bas the advantage tbat it enlarges the 
optical gap ( causing Ie ss absorption, whicb is desired in the window layer), but it also raises 
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the activation energy, which is not desired (Luft and Tsuo, 1993). The effect of the methane 
flow is examined next. The growth rate decreases with increasing methane flow as is shown in 
appendix B2. For zero methane flow the growth rate is 0.66 nm/s and rd = 0.43 nrnls for a 
methane flow of 85 seem. 
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Fig. 5.11 Activation energy Ea ( • ) and Tauc gap Eg (Ji.) as a function of the varied 
methane flow. The fine is meant as a guide for the eye. 

The methane flow was varied between 0 seem and 128 seem in four steps. Fig. 5.11 
shows the behavior of the optica! gap and the activation energy as a function of the methane 
flow. This tigure shows that the optica! band gap increases with increasing methane flow. Luft 
and Tsuo (1993) report that the optica! bandgap increases linearly with increasing carbon 
content in the film, which indicates that the incorporation of carbon gradually widens the 
optica! gap. The activation energy increases from 0.385 to 0.45 , with the methane flow 
changing from 20 to 130 seem. The activation energy for the sample that is deposited with zero 
methane flow is exceptionally high: 0.456 eV. Tsai (1988) shows the activation energy with 
increasing methane flow for 1% B2~ doped p-type a-Si:H. According to this plot, the 
activation energy for zero methane flow bas decreased compared to non-zero methane flow 
and is 0.25 eV, in contrast to Fig. 5.11. Tsai also finds for a-SiC:H that is doped with 1% B2~ 
that the activation energy rises from 0.41 eV to 0.50 eV when the optica! gap increases from 
1.85 eV to 2.00 eV. In Fig. 5.11 the activation energy increases less (from 0.39 eV to 0.45 eV) 
in the same bandgap interval. 

All samples fulfill the requirement for the dark conductivity a-d > 10-6 n·1cm·1
. The 

requirement for the optica! gap is Eg > 2 eV for device quality material, which is reached for 
methane flows larger than approximately 70 seem (the actual Tauc gap is slightly higher than 
measured because of insufficient measurement points, see section 4.1 ). Since the activation 
energy should be low (at least lower than 0.45 eV), the optima! methane flow is found towards 
flow at which the lowest allowable optica! gap is obtained: 70 seem. 

Diborane flow 

By adding boron to a-Si :H, the activation energy is decreased. The optica! bandgap becomes 
narrower with increased boron doping (Luft, and Tsuo, 1993). With the new pressure and 
methane flow settings and default settings as given in table 5.3 the diborane flow has been 
varied. According to Tsai the B2~ doping should enhance the deposition rate. This increase in 
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the growth rate has been measured, as is seen in Appendix B3 : for zero diborane flow the 
growth rate is 0.36 mn/s, fora B2llt; flow of 4 seem the growth rate is 0.5 nrnls. 
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Fig. 5.12 Activation energy Ea (•) and Tauc gap Eg ( J;.) as a f unction of the varied 
diborane flow. 

The diborane flow is varied from zero to 4 seem in 5 steps. Fig. 5.12 shows the 
behavior of the optica! gap and the activation energy as a function of the diborane flow. The 
activation energy decreases from 0.8 eV to 0.42 eV with the diborane flow increasing from 
zero seem to 2 seem. Then it remains at 0.42 eV with the B2llt; flow increasing up to 4 seem. 
Apparently, adding more diborane to the gas mixture does not enhance the layer quality. 

The optica! gap is narrowed with increasing diborane flow and thus the absorption in 
the p-layer is increased. Tsai et al (1988) report that the optica! gap of a-Si :H with 
C~/(Si~+C~) = 0.65 decreases from 2.05 eV to 1.80 eV with increasing doping level from 
0 seem B2H6 to B2llt;/(SiH4+C~) = 0.002. Fig 5.12 shows a decrease from 2.05 eV to 1.85 eV 
in this doping interval which is similar to the results of Tsai. 

The requirement for the activation energy for the p-layer is Ea < 0.45 eV, which is 
reached for diborane flows larger than 1.25 seem. The requirement for the optica! band gap is 
fulfilled for B2H6 flows smaller than 2 seem. Diborane flows smaller than 1.25 seem yield dark 
conductivities larger than 10-6 n·1cm·1

. The optima! flow is chosen to be 2 seem, the same as 
the default setting. Catalano et al (1988) reports that high concentrations of boron in the 
p-layer dramatically decrease the short wavelength response of solar cells, so a diborane flow 
of 1.5 seem may have resulted in higher quality devices. However, in that case a thicker 
p-layer may be necessary, which might again reduce the short circuit current density. 

Based on the above discussion the optima! settings for the p-layer are found to be the 
default settings, edited with a new pressure setting of 60 Pa and a new methane flow setting of 
70 seem. The optima! p-layer thickness with these new settings is found by realizing solar cells 
with different p-layer thickness. This processis discussed in the next subsection. 

5.2.2 Step 2: find the best p -layer thickness in p-i-n solar cells 

The p-layer has to induce (together with the n-layer) a high electric field in the intrinsic layer 
and should absorb as less light as possible. After the optimization of the different settings for 
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the deposition of the p-layer, the optimal thickness of this layer has to be found. Th is has been 
dorre by realizing solar cells with identical intrinsic (using the optimized settings) and n-type 
layers, but with p-layers of different thickness. These are tested optically and electronically. 
Fig. 5.13 shows the quanturn efficiency (QE) as a function of the wavelength of the incoming 
light. 
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Fig. 5.13 Speetral response measurements for solar cells with p-layers of different 
thickness; the thickness mainly affects the short wavelength response. 

Five different p-layer thicknesses have been used, varying between 10 and 60 nm. The 
thinnest layer has the best responseforshort (up to 550 nm) wavelengths. For 390 nm the QE 
of the 10 nm thick p-layer is 0.43 , compared to QE (390) = 0.12 of the 60 nm thick p-layer. 
The maximum response for alllayer thicknesses is reached at À= 550 nm and is 0.83 for the 
10 nm thick p-layer and QE(550) = 0. 73 for the 60 nm thick p-layer. This allows for 
impravement conceming the short circuit current density of the cell. The response for short 
wavelengths is limited by the absorption in the p-layer. For wavelengtbs higher than 550 nm, 
the QE-curves do overlap. In this regime the response is determined by the colteetion of the 
carriers, which is equal for all the cells as is seen in Fig. 5.13. 

Deduced from the QE results, the ideal p-layer thickness, based on the short circuit 
current density, is expected to be 10 nm or less. However, these measurements do nottake into 
account the open circuit voltage of the device. Therefore J(V) curves at one sun AM1.5 
illumination of these devices have been taken; table 5.2 displays the characteristic values, Fig. 
5.14 shows the curve of each sample with the highest efficiency, from these results the p-layer 
of 40 nm seems to be the best thickness. 

The highest open circuit voltage, V oe = 0. 80 V, is obtained with a p-layer thickness of 
40 nm. This Voc is lower than the open circuit voltage ofsolar cell HP093: 0.83 V, see Fig. 5.9 
The best fill factor FF = 0.64, fora 40 nm thick p-layer, is equal to the fill factor of solar cell 
HP093. The short circuit current density reaches an optimum at lsc = 16.2 mA/cm2 for both the 
solar cell with the 40 nm and with the 30 nm thick p-layer. These characteristic parameters 
result in a high cell efficiency for the '40 nm-cell ': 7J = 8.3 %, and 7J = 7.6% for the solar cell 
with a 30 nm thick p-layer. The solar cell with the optimized intrinsic layer (p= 10 Pa and P = 

25 W) HP093 reaches an efficiency of 8.3 %as well. 
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Fig. 5.14 The best I (V) curves of solar cel/ with different p -layer thickness. 

Table 5.2 
The solar cell's averaged characteristic values (including the standard deviation) for 
different p-layer thickness and these values for the best contact on the solar cell. 

Thickness (nm) JO 20 30 40 60 
# centacts 11 5 7 15 12 
Average: 
V oe (V) 0.781 ± 0.004 0.786 ± 0.004 0.789 ± 0.002 0.803 ± 0.004 0.78 ± 0.02 
Jsc (mA/cm2

) 15.6 ± 0.3 14.3±0.1 15.6 ± 0.3 15.7 ± 0.5 13.1 ± 0.3 
FF (-) 0.53 ± 0.07 0.53 ± 0.01 0.59 ± 0.01 0.64 ± 0.01 0.50 ± 0.05 

TJ (%) 6.4 ± 0.9 6.0 ± 0.1 7.3 ±0.2 8.0 ±0.2 5.1 ±0.5 
Best cell: 
V oe (V) 0.783 0.792 0.792 0.800 0.790 
Jsc (mA/cm2

) 15.1 14.3 16.1 16.3 13.3 
FF (-) 0.61 0.53 0.60 0.64 0.58 

11(%) 7.2 6.0 7.6 8.3 6.1 

The fill factor at one sun illumination is increased by reducing the cell ' s series 
resistance. The probably bad contact between the aluminum back contact and the a-Si :H may 
result in a higher series resistance. In order to reduce this effect, the solar cells have been 
annealed at 150 oe under nitrogen atmosphere, during 30 minutes, as was suggested by Van 
Swaaij and Zeman (2001). Table 5.3 displays the characteristic values of the !(V) curves that 
have been taken after this annealing, Fig. 5.14 shows the curves of each sample' s highest 
efficiency cell. 

Comparing the !(V) results after annealing with those obtained before annealing, yields 
the positive conclusion that the cell efficiency has improved. The cell ' s fill factor has increased 
to 0.67 fora p-layer thickness of 40 nm, for the cell with the 10 nm thick p-layer even to 0.68. 
The open circuit resistance at one sun illumination for these cells has been reduced from 
9 to 7.2 ncm2

, illustrating the improved contact between the aluminum and a-Si:H. The 
optima! p-layer thickness, conceming the cell ' s efficiency, is 40 nm, but the annealed cel! with 
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the 10 nm thick p-layer also yields appropriate cell performance. Note that the 20 nm cell, 
which already had a low initial lsc, still has a low lsc after annealing. Further research, for 
example Quanturn efficiency measurements, has to indicate what makes the distinction 
between this cell and the others. 
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Fig. 5.15 The best I (V) curves of solar cells with different p-layer thickness aft er 
annealing. 

Table 5.3 
The solar cell's averaged characteristic values (including standard deviation) after 
annealing for different p-layer thickness and these values for the best contact on the 
solar cell. 

Thickness (nm) JO 20 30 40 60 
# contacts5 14 13 9 15 11 
Avera2;e: 
V oe (V) 0.815 ± 0.005 0.80 ± 0.01 0.813 ± 0.005 0.831 ± 0.004 0.826 ± 0.007 
l sc (mA/cm2

) 15.8 ± 0.3 14.6 ± 0.2 15.4 ± 0.6 15.6 ± 0.5 13.2 ± 0.4 
FF (-) 0.66 ± 0.02 0.55 ± 0.02 0.62 ± 0.01 0.669 ± 0.008 0.53 ± 0.04 
T] (%) 8.5 ± 0.4 6.4 ± 0.3 7.8 ± 0.4 8.7 ±0.2 5.8 ± 0.4 
Best cell: 
V oe (V) 0.820 0.796 0.820 0.829 0.829 
l sc (mA/cm2

) 16.1 14.6 16.0 16.2 13.3 
FF (-) 0.68 0.60 0.64 0.67 0.59 
11 (%) 8.9 6.9 8.4 8.9 6.5 

For this optimization process only solar cells in the initial state have been considered. 
It is recommended to investigate the behavior of this optimized cell after degradation and 
annealing. In chapter 6 the degradation and annealing of two solar cells is discussed, these cells 
do not have a p-layer with these optimized settings. 

5 
The amount of contacts after annealing is not equal to the amount of contactsin the initial state (table 

5.2). The reason for this is that only contacts that have a reasonable Roe(< 30 Ocm2
) have been taken 

into account. For most cells this Roe has decreased after annealing. 
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Summary 

In the section a systematic analyses of the p-layer to obtain an improved solar cell has been 
described. The gas pressure, methane flow and diborane flow as well as the layer thickness 
have been varied. The activation energy is more sensitive for the gas pressure than the optical 
band gap. The used method was "sequentia! optimization". For the optimization of the gas 
flows the DoE method would have been a better option: by doing just a few more experiments, 
information from a larger area of parameter space would have been obtained. Increasing 
methane flow yields increased activation energy and optica! band gap, whereas increased 
diborane flow lowers the activation energy and optica! gap. The p-layer thickness influences 
the fill factor at one sun AM1.5 illumination via the open circuit resistance, because of a 
depleted p-layer and consequently the cell's efficiency and influences the quanturn efficiency 
for lower wavelengths, because of absorption in the p-layer. The maximal quanturn efficiency 
for these cells is low (0.8), probably because of low absorption in the intrinsic layer. 
Insuftleient collection is not expected to be the reason, since no impravement is found for 
thicker p-layers (higher electric fields) . Probably, the absorption in the intrinsic layer is 
not high enough. Further research has to indicate if a thicker intrinsic layer results in 
higher quanturn efficiencies. Annealing for 30 minutes at 150 oe resulted in improved open 
circuit voltage and a lower open circuit resistance. The optimized settings for the gas pressure 
(60 Pa), the methane flow (70 seem) and diborane flow (2 seem), a p-layer thickness of 40 nm 
and annealing the sample yield higher efficiency solar cells, compared to cells with only an 
optimized intrinsic layer. 

Fig. 5.16 reflects the improvement of the solar cells that is obtained with the in this 
chapter described methods. Fig. 5.16a shows that the cell with an optimized intrinsic layer 
(HP093) has an increased Voc. Fig. 5.16b shows the !(V) curves ofHP093 and that ofthe cell 
with both an improved intrinsic and p-layer (HP132(i)). The fill factor has increased, whereas 
the open circuit voltage has decreased, resulting in an unchanged efficiency. Annealing leads 
to an increased Vac, see Fig. 5.17c, and consequently to a higher efficiency. Table 5.4 
summarizes the new settings for the deposition of a-Si:H p-i-n solar cell. 

Forthese cells degradation has notbeen considered. Degradation does not play a major 
role in producing representative cells, which can be used for testing process steps during the 
set-up of the roll-to-roll pilot line. However, for real modules degradation is important. In the 
next chapter, the effect of degradation as well as of annealing on the cell behavior is 
considered. 

Table 5.4 
New process parameter settings for the p-layer, the intrinsic 
~yerandthen-~ye~ 

Parameter p-layer i-layer n-layer 

Layer thickness 40nm 400nm 20nm 
Gas pressure 60 Pa 10 Pa 20 Pa 
RF-power 15 w 25 w 15W 
SiHt flow 37.5 seem 50 seem 37.5 seem 
H2flow 75 seem 100 seem 75 seem 
B2H6 flow 2 seem - -
eHt flow 70 seem - -
PH3 flow - - 2.07 seem 
Temperature 253 e 322 oe 307 oe 
Electrode distance 50mm SOmm SOmm 
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Fig. 5.16 Overview of the results of the optimization process that is described in this 
chapter. !(V) curves of a) the default cel/ (HP086) and the cel/ with the 
optimized i-layer (HP093), b) HP093 and the cel/ with the optimized p-layer 
(HP 132(i)) and c) HP 132(i) and the same cel/ annealed (HP 132(a)). 
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6. Variabie Illumination Measurements 

Variabie Illumination Measurements (VIM) have been performed at the University of 
Barcelona. The single exponential model of a solar cell extended with a recombination is used 
to explain the VIM measurements (as described in section 6.1). The experimental results are 
plotted as a function of the short circuit current density lsc, avoiding the need of calibrated 
illumination levels and to make comparison of different a-Si:H p-i-n solar cells possible. The 
light souree was a halogen laboratory lamp, and the variation of the illumination level over six 
orders of magnitude is obtained by varying the distance between the lamp and the sample and 
by using neutral (grey) filters. 

Measurements have been done for two a-Si:H solar cells, made at Akzo Nobel, after 
the intrinsic layer optimisation: one with a high deposition rate (0.8 nm/s) intrinsic layer and 
one with an intrinsic layer deposited at a normal growth rate (0.1 nrn/s). The n-layer and 
p-layer are the same for both samples (see table 5.1 for the settings). An amorphous silicon 
solar cell of Neuchätel is used as reference. The results of the initia! measurements (section 
6.2), ofthe measurements after degradation (section 6.3) and after annealing (section 6.4) are 
presented. Insection 6.5 suggestions for treatment to avoid interface problems are given. 

Solar cell HP095 has been deposited with a pressure and power setting of 70 Pa and 
25 Watt respectively. Solar cell HP097 has been deposited at a pressure of 25 Pa and a power 
of 15 Watt. During the deposition of HP097 the DC bias voltage was less negative (-10V) 
compared to previous depositions with these settings (-33V). Since this deposition is close to 
the transition between the a-regime and y' -regime, small deviations in plasma and gas 
parameters (gas temperature, pre ss ure etc.) could change completely the behaviour and may 
result in a transition (Fridman et al, 1996). Unfortunately this relatively high efficiency 
(8.2 %) sample has notbeen reproduced. This case demonstrates that the DC bias voltage is a 
good indicator of deviations of the deposition. 

6.1 The VIM metbod 

The equivalent circuit that is generally used for photovoltaic solar cells (see Fig.6.1, teaving 
out the most left element) consists of a current souree shunted by a diode. These two elements 
correspond to generation and loss of photocurrent in the device. The resistances are 
introduced to describe the behaviour of real solar cells with their technicallimitations. 

Rs I(V) 
~ 

Fig. 6.1 The single exponential model of a solar cel! (existing of a current source, 
diode, series and parallel resistance) , extended with a recombination term. 

To predict the behaviour of solar cells, Merten et al (1998) added a recombination 
loss term Irec to the single exponential model (Fig. 6.1). This results in the following equation 
for !(V): 
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d/ [ (V- I(V)Rs) ] V - I(V)Rs 
I (V) = -I ph +I ph [ ( )] + I 0 exp - I + . 

JLT Vbi - V - I(V) Rs nkT Ie RP 

(6.1) 

The first term on the right hand side represents the photogenerated current, the second one is 
the photo current dependent recomhination term I rec· The third is the diode current and the last 
term includes the effects of hoth the parallel and series resistance. 

The I(V) curves of amorphous silicon solar cells for different illumination levels 
usually all interseet at a single point ]y{Vr) in the first quadrant (Kusian et al, 1989), see Fig. 
6.1, a fact that is reconciled with the simple equivalent circuit if an additionalloss term, which 
increases strongly with the forward voltage V, is introduced (Merten et al, 1998). This loss 
term includes the recomhination losses in the intrinsic layer of the device. Recomhination is 
relatively intense within a-Si :H cells hecause of the presence of dangling honds (electrically 
active state in the handgap) that act as recomhination centres. When photo generated current 
l ph and the recomhination current I rec are considered as separate terms, the photo generated 
current for a-Si :H is independent ofthe applied voltage, like for c-Si. This extra recomhination 
term that depends on the applied voltage implies that the !(V) curves from a-Si :H solar cells, 
taken at different illumination levels, do cross, in contrast with the I(V) curves from e-S i solar 
cells. 
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Fig. 6. 2 The I (V) curves of a-Si:H solar cel! for different illumination levels usually all 
interseet at a single point l r(Vr). this in contrast to those of c-Si. 

Recomhination losses within the i-layer are in a first approximation proportional to the 
carrier concentrations ohserved therein and thus to the photogenerated current l ph (Street, 
1991 t Assuming a constant carrier generation G, a constant electric field E over the whole 
thickness d, ofthe i-layer (which should he strong enough to neutralise the effect of diffusion) 
and the ,ur-products for electrans and holes to he equal (Merten, 1996), a relation for the 
recomhination rate of the free carriers over the dangling honds RD8 , independent of the 
position is given hy: 

6 Recombination mechanisms are commonly studied by secondary photoconductivity a P"sec, largely 
because the electron and hole currents are not constrained by charge neutrality and there is no space 
charge to distort the field . O"phsec = n .ef-le + n "ef-l", with n e,h and f-le.h their concentrations and the 
mobilities of the free electrons and holes. 
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(6.2) 

In this equation Jtrl EI is the drift length (typically 10-5 m). The intrinsic layer thickness is 
typically 4·1 o-7 m, consequently, the generation rate is typically 30 times larger than the 
recombination rate. The electric field in the i-layer is determined by the difference between the 
built-in voltage V6; ( determined by Nonomura et al (1982) to be 1.1 V) and the voltage over the 
junction (V - IRs), then the recombination current lrec is given by the second term in eq. (6.1 ): 

I - I d; 
ree- ph pr[v;,; - (V - I(V)R.)]/ d; 

(6.3) 

Recombination is most likely to occur around midgap, so impurities here should be avoided. 
In the doped layers, this effect is less important because there the majority carriers determine 
the behaviour. 

When performing the measurements with varying illumination levels over a wide 
range, more information about the cell is obtained. This characterisation method takes into 
account the peculiarities of amorphous p-i-n structured silicon solar cells. With the single 
experimental model, used forthese analyses (Green et al, 1992), five regimes of illumination 
are distinguished (Merten, 1996); see also Fig. 6.3: 

Regime A: At lowest illumination levels (very small currents), the I( V) curve of the solar 
cell is dominated by its parallel resistance Rp. In the model in Fig. 6.1 the current floats 
through the two resistances only; the parallel resistance is orders of magnitude larger and 
thus determines the behaviour. In this illumination regime, a low parallel resistance leads 
toa reduced open circuit voltage V oe and fill factor FF (Fig. 6.3A). 

Regime B: By increasing the illumination level, a regime is reached where the parallel 
resistance only dominates the short circuit part of the I( V) curve. Roe is determined by the 
features ofthe junction (Fig. 6.3B). 

Regime C: For intermediate illumination levels, neither the series nor the parallel 
resistance affect the !(V) curve of the device. In this regime, both the inverse slopes Roe 
and Rsc are determined by the physics of the pin-junction, which can not be determined 
exactly by the single exponential model. In this regime, the open circuit voltage follows 
the simple single model, and the fill factor exhibits the best values (Fig. 6.3C). 

Regime D: While increasing the illumination level, a regime is reached where the series 
resistance of the device begins to affect the open circuit region of the l(V) curve. Hence, a 
reduced fill factor is noted, whereas the open circuit voltage remains unaffected. The 
inverse slopeRscis still determined by the features of the junction, whereas Roe equals the 
series resistance Rs (Fig. 6.3D). 

Regime E: At the highest illumination levels (large currents), the !(V) curve of the solar 
cell is completely dominated by its series resistance Rs, which becomes equal to the 
inverse slope Roe. The current in the circuit in Fig. 6.1 floats easily through parallel terms, 
except from through the parallel resistance, so the series resistance is the highest resistance 
and determines the behaviour of the cel!. Approaching this regime, the main performance 
loss of the cel! has to be attributed to the series resistance, which leads to a reduced fill 
factor FF (Fig. 6.3E). 
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Fig. 6.3 The regimes of illumination levels for amorphous silicon solar cells. With 
increasing illumination level the shape of the !(V) curve changes and the 
short circuit current increases. Note that the current density scale is not the 
same for all plots. In regime A the currents density is very smal/, whereas in 
regime E this is large. 

6.2. lnitial measurements 

As reference cell an a-Si:H solar cell from Neuchàtel has been used. The VIM results of this 
cell are shown in the same plots as the Akzo Nobel cell results. One cell (HP095A5) has also 
been compared with a nanocrystalline Si :H cell from Neuchàtel. 

6.2.1 Solar cel! HP09 7: rd = 0.1 nmls 

Solar cell HP097 (single junction, glass/Asahi-U/pin/Al-structure) has an i-layer thickness d; 
of 400nm, which is deposited at 0.1 nm/s. The deposition settings for this cell were the initia! 
settings, edited for the gas pressure for the intrinsic layer p = 25 Pa and for the RF power 
P = 15 W. Contact C4 on this solar cel! has an efficiency of 7% and the short circuit current 
density is approximately 20 mA/cm2 under AM1.5 illumination7

. The p-layer (window-layer) 
contains carbon, no buffers have been deposited between the different layers and the back 
contact is made of aluminium. 

An easy way to determine the transition from the illumination regimes A to E as 
described in the previous section is to examine the Rsc versus l sc plot (see Fig. 6.4a)). At low 

7 This va1ue for the short circuit current density is very high. Probab1y the intensity was more than 
1 sun (100 mW/cm2

) or the spectrum was not exactly AM1.5. 

1.0 
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illumination levels (low lsc. regime A), the short circuit resistance is independent on the 
illumination level. When the illumination level is increased, Rsc decreases and when 
illuminated to a certain level, it decreases with a constant slope. The part with constant slope 
is the intermediate illumination level (regime C). When the illumination level is increased 
even more, Rsc approaches a saturation value: Rs. At this high illumination level (regime E), 
Rsc does nat change with increasing illumination. So for this cell, approximately, regime A 
ends at 1·10-4 mA/cm2

. Following regime B, regime C starts at 1·10-3 mA/cm2 and ends 
around 3 mA/cm2

, where regime D begins and regime E startsjust above 100 mA/cm2
. 

For this cell, the parallel resistance Rp = 6·1 06 ncm2
, which is good with respect to 

the reference cell: almast one order of magnitude larger. Because no saturation value has been 
reached at the highest illumination level used forthese measurements (regime E has nat been 
reached yet), the series resistance Rs is not determined exactly with this plot, but Rs is 
certainly less than 400cm2
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Fig.6.4 Irradiance dependenee ofthe I(V) parameters: a) the short circuit resistance 
Rsc. b) open circuit voltage Voc. c) the fill factor FF d) the open circuit 
resistance Roe· The dotted vertical lines indicate regime transitions for 
HP097. 

In the intermediate illumination level regime C, (neglecting the effect of the series 
and parallel resistance) Rsc is inversely proportional to l sc· In this situation, the Rsc value is 
related to the voltage dependent photocurrent collection. From the uniform field 
approximation (Hubin et al, 1995) the effective Ja-product of electrans and holes in the layer 
is obtained by differentiating eq. 6.3 with respect to the applied voltage: 

E 

E 
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(6.4) 

with d; the thickness of the intrinsic layer ( 400nm) and Vb; the built-in poten ti al 
(approximately 1.1 V). In the case of this solar cell, the effective ,uz--product varies with 
illumination level in regime C, as is shown in Fig. 6.5. 

The increasing of ,UTeJJ with increasing illumination level implies that the Rsc 
dependenee with illumination level is quasi-linear: for this sample it has been found 
Rsc-ls/·88 These effects could be related with the charged defect states that necessarily exist 
near the p-i and i-n interfaces (Asensi et al, 1999). The regions of the i-layer near the 
interfaces are "exintric" (non-neutra!) due to the Fermi level shift. For low and intermediate 
illumination levels, most of the recombination occurs in these regions due to the presence of 
minority carriers (e.g. electrans in the region near the p-i interface) . Collection ( or primary 
photoconductivity (Street, 1991 )) is limited by this recombination. The primary 
photoconductivity processis electron dominated, so when negatively charged dangling bonds 
become neutral by increasing the illumination level, the recombination increases and 
consequently the mobility lifetime product decreases. This in contractietion to solar cells, 
where the charge transport is dominated by both the electrans and the holes. Increasing 
illumination means shrinking the charged regions in the p-i and i-n interface, and 
recombination decreases in this case. So, although recombination increases with increasing 
illumination level, the ratio recombination over generation decreases (Asensi et al, 1999). 
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Fig. 6.5 The ef!ective ,uz--product increases while increasing illumination levels in 
regime C. 

As is seen in Fig. 6.4b ), the open circuit voltage of the solar cell tends to be lower 
than the reference cell from Neuchätel for short circuit current densities higher than 1·10-3 

mA/cm2
. This may be duetop/i interface recombination. It is known that contamination is the 

origin of p/i interface defects that reduce the V oe of the solar cell (Catalano et al, 1988).In 
section 6.4 suggestions for p-layer treatment are given. A too thick (> 300 nm) intrinsic layer 
may also decrease the V oe in the degraded state (Merten et al, 1999 ,). The deposited intrinsic 
layer is 400 nm thick, but according Merten this won' t affect the Voe in the initia! state. 
Another explanation for a lower V oe goes together with a high series resistance, which 
indicates a lack of space charge in the p-layer. This possibility is discussed later on with Fig. 
6.4d). 
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From fitting the V oeClsc)-curve to the re lation 

Voc = nkT ln(]sc +IJ ' 
e 10 

(6.5) 

in which el kT is about 25 m V (at room temperature ), the ideality parameter n and the reverse 
bias saturation current 10 are obtained. This expression is only valid for higher illumination 
levels. For HP097 n = 1.6 is found. For anideal diode, n=1; recombination of electrons and 
holes in the depletion region and a non-uniform interface results in ideality factors greater 
than unity (Street, 1991). The saturation current 10 is found to be 1·10·7 mA/cm2

, which is 
slightly higher than the ! 0 of the reference cell : 9·1 o-s mA/cm2

) . Fig. 6.6 shows I( V) curves of 
a very simple model of asolar cell, i.e. a current souree in parallel with a diode. The fill factor 
is not affected by an increased ideality factor, thus the efficiency (eq. 2.3) should increase 
with increasing n. However, the ideality factor n and saturation current 10 should not be 
considered as independent parameters; a cell with a high value of n has also a high value of 10 

because the recombination enhances 10. It is considered that when the ideality factor n 
increases, the open circuit voltage V oe remains constant due to the increase of 10• 
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The V oe increases with increasing n for constant 10, but for realistic cells the 
saturation current increases with increasing n, so the Voe remains fairly 
constant. 

In Fig. 6.4c), the fill factor FF is plotted as a function of the short circuit current 
density lsc· At the intermediate illumination level C, the fill factor of HP097 reaches a value 
of 0.69, the FF of the reference cell is 0.74. The theoretica! maximum FF for this kind of 
junction is 0.74. In regime B the parallel resistance starts to affect the fill factor, but the fill 
factor does not decrease as fast as the FF of the reference cel! because the RP of this cel! is 
very high (> 6 Mf2cm2

). At higher illumination levels (regime D) the fill factor decreases 
strongly because of a high series resistance. A high series resistance might be due to low 
quality transparent conductive oxide (TCO) or interface problems. Since the TCO is Asahi U 
this is not the reason fora high series resistance. Interface problems, probably caused by a too 
thin p-layer, are discussed later in this section. 

From Fig. 6.4d) it is clear that for this cell the measurements started at an illumination 
level higher than that of regime A, so Rp is only determined from Fig. 6.4a). Note that the 
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curve of HP097 is far less steep than the curve of the Neuchätel cell. Assuming that the effect 
of the series and parallel resistance is negligible, the open circuit resistance in regime C is 
given by the following expression (Merten et al, 1997): 

(6.6) 

The sharper decrease of the Neuchätel cell may be caused by a higher ideality factor n for this 
cell that also causes the higher V oe· An ideality factor n > 1 implies recombination in the 
depletion layer and this recombination reduces the cell ' s parallel resistance, which is indeed 
lower for the Neuchätel cell. The Roe of HP097 stays, for the highest measured illumination 
levels, at least one order of magnitude higher than the Roe of the reference cell, which could be 
explained by the p-layer being thinner than the depletion depthof the junction or by a too low 
doping level of the p-layer. The series resistance (which is equal to the open circuit resistance 
at the highest illumination levels) for HP097 is approximately Rs ~ 4 Ocm2

. 

6.2.2 Solar cel! HP095: rd = 0.8 nm/s 

Solar cell HP095 (single junction, glass/Asahi-U/pin/Al-structure) bas an i-layer thickness d; 
of 400nm, which is deposited at 0.8 nrn/s. The deposition settings for this cell were the initial 
settings, edited for the gas pressure for the intrinsic layer p = 70 Pa and for the RF power 
P = 25 W. Cell A5 bas an efficiency of0.5% under AM1.5 illumination (very low because of 
an S-shape in the IV-curve) and cell B6 has, under one sun illumination, an efficiency of 4%. 
The p-layer (window-layer) contains carbon, no buffers have been deposited between the 
different layers and the back contact is made of aluminium. 

For this cell, the regimes explained in the first section are distributed as follows : regime A 
ends at 1·10·3 mA/cm2

, where regime B starts. Regime C starts at 0.06 mA/cm2 and ends at 
0.6 mA/cm2

, where regime D begins. Regime E starts close to 1·102 mA/cm2
. The effects of 

the series and parallel resistances determine the behaviour of this cell, so the intermediate 
illumination region is rather small. The short circuit current density at AM1.5 illumination 
level is l sc = 10.5 mA/cm2 (see footnote 7). 

From Fig. 6.7a) it is clear that the parallel resistance of this cell is very low: 
RP ~ 2·104 ncm2

, which is almost two orders of magnitude smaller than the Rp of the a-Si:H 
Neuchätel reference cell. However, the Rp is significantly larger than that of the Neuchätel 
ne-Si cell, so the cell HP095 is not expected to have a nanocrystalline intrinsic layer. 

In Fig. 6. 7b) the open circuit voltage V oe is plotted versus the short circuit current 
density l sc· Because of the low parallel resistance (regime C starts at 0.06 mA/cm2

) , the V oe 
stays low for low end and intermediate illumination levels, and than increases to almost the 
same level as the a-Si :H reference cell. For low illumination levels the density of trapped 
charge is high, leaving almost no neutral region bebind. So all the dangling bonds in the 
intrinsic layer are charged. This causes a high recombination rate and consequently a low 
short circuit resistance. The low Voc is attributed to this low short circuit resistance. 
Decreasing the intrinsic layer thickness will reduce the recombination. Another explanation is 
found in a damaged p-layer. The intrinsic layer of HP095 bas been grown under relatively 
high pressure and with relatively high power ( compared to the p-layer and to the intrinsic 
layer of HP097). Because of this fast deposition of the i-layer, pinholes may appear between 
the intrinsic layer and the TCO and consequently result in a lower parallel resistance at lower 
illumination levels. 
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The fill factor FF (Fig. 6.7c)) for HP095A5 is very low (maximum FF = 0.38). From 
this figure it is clear that the parallel resistance (lower illumination levels) and the series 
resistance (higher illumination levels) determine the behaviour of the cell . It should be noted 
that the !(V) curves for this cell are "stretched out S"-shaped (see Fig. 6.8), which illustrates 
the low short circuit resistance and high open circuit resistance. 
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The series resistance of this cell is far too high (Fig. 6.4d)), approximately 30 ncm2 

This value can not exactly be determined because the open circuit resistance Roe has not 
reached a saturated value for the highest measured illumination levels. It is not expected that 
this high series resistance is due to bad TCO because standard Asahi-U was used. The 
problem may be that the thickness of the p-layer is too small compared to the depletion depth 
in this layer, or that the doping level is too low in the p-layer, or damages in the p-layer. 

For HP095B6, the following distinguishing between the illumination regimes is chosen: 
regime A ends lower than at 1·10-4 rnA/cm2

, regime B continues until 1·10.3 mA/cm2
, where 

regime C starts. Regime D begins at 1 rnA/cm2
, and regimeEstarts higher than 100 rnA/cm2

. 

The short circuit current density for this cell at one sun illumination is approximately 
l sc = 13 mA/cm2 (see footnote 7). 

Fig. 6.1 Oa) shows the short circuit resistance Rsc with increasing illumination levels. 
This cell ' s parallel resistance Rp > 7·106 Ocm2

, which is comparable to HP097C4. The 
effective ,ur-product determined from the intermediate illumination regime yields lower 
values than for HP097C4; see Fig. 6.9. 
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Fig. 6.9 The effective ,ur-product increases for increasing illumination level in regime 
c. 

The quasi-linearity of Rsc with increasing illumination level for this sample results in 
Rsc-ls/ 84

. The exponent for HP097C4 was more negative: -0.88. This means that the 
dependenee on illumination level of the recombination is stronger for HP095B6 than for 
HP097C4, most probably caused by a higher defect density close to the interfaces in 
HP095B6. These defects cause more recombination and consequently less mobility of the 
carriers. In section 6.5 p-i interface treatment is considered. For suftleient high illumination 
levels (assuming zero series resistance) the charge traps will be cancelled. In that situation the 
mobilities ofthe carriers ofthe two cells will be equal. 

Fig. 6.1 Ob) shows that the open circuit voltage of HP095B6 is also lower than that of 
the reference cell from Neuchätel. Since this may be due to recombination, it is recommended 
to decrease the thickness ofthe intrinsic layer. From eq. (6.5), the ideality parameter n and the 
reverse bias saturation current 10 are obtained. For the ideality parameter n = 1. 7 is found, 
which is slightly higher than for HP097C4. The p-i interface has probably more defects for 
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HP095B6 because of a different intrinsic layer (grown under higher pressure and with higher 
power, compared to HP097C4). The saturation current/0 is found to be 8·10·8 mA/cm2

, which 
is comparable to the reference cell and to HP097C4. 
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The fill factor FF (Fig. 6.10c)) for HP095B6 reaches a value of 0.63 in the 
intermediate illumination level and is constant in this regime, compare this to FF = 0.70 for 
HP097C4 and FF = 0.74 for the reference cell. The cell ' s parallel resistance is high enough 
not to affect the fill factor in the lower and intermediate illumination regimes. At higher 
illumination levels (regime D) the fill factor decreases strongly because of a high series 
resistance. This was also the case for HP097C4 and for HP095A5 and it is not expected to be 
due to the TCO, since Asahi-U has been used. It is already mentioned that the p-layer may be 
thin compared to the depletion depth ofthe junction, causing a high series resistance. Another 
possible explanation is a higher series resistance because of interface problems. Interface 
problems are most likely to occur at the p-i-interface, since the doping is less effective in the 
p-layer than in the n-layer, so a high concentration of boron in the p-layer is desirable. 
Unfortunately, higher diborane concentrations lead to higher interface recombination 
(Catalano et al, 1988). 

Fig. 6.1 Od) shows Roe with increasing illumination level. The curve of HP095B6 is, 
like the one of HP097C4, less steep than that of the reference cell. It is recommended to 

E 

E 
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research different doping concentrations in the p-layer in order to obtain a steeper decreasing 
Roe, resulting in a lower value of the open circuit resistance at higher illumination levels. The 
series resistance Rs is approximately 20 ncm2

. This is much higher than the series resistance 
of the reference cell, and of the same order as the series resistance in HP095A5. The series 
resistance in HP097C4 was one order of magnitude lower. Thus it is plausible that the optima! 
thickness of the p-layer depends on the conditions of the i-layer on top of it. 

6.3. Degradation 

The solar cells have been exposed to halogen light (one sun illumination) for up to 150 hours. 
This is a short period of time, making the results preliminary. The sample temperature was 
measured several times during the light exposure and was below 40°C all the time. Staebler et 
al (1977) have reported that more defects are created while illuminating. These defects 
decrease the photo and dark conductivity, so degradation in all cell parameters is expected. 
The major effects of degradation are visible in the short circuit resistance Rsc and the fill 
factor FF, so these parameters are discussed in this and the following section. 

6.3.1 Solar cel! HP09 7: rd = 0.1 nm/s 

HP097C4 has been exposed to the halogen light for 150 hours. After respectively one, three 
and six days of exposure to the halogen light, VIM measurements have been performed on 
solar cell HP097C4. Fig. 6.11 shows the effect ofthe light soaking on the Rsc and the FF as a 
function ofthe illumination level. 
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Fig. 6.11 The effect of degradation on a) the short circuit resistance and b) the fill 
factor for HP097C4 

It is clear from these figures that the major effect of degradation occurs in the first 
day of illumination. The effective ,ur-product (eq. 6.4) decreases to one third of its initia! 
value (Fig. 6.11a)) and the FF decreases in the intermediate illumination regime from 0.7 to 
0.61 and remains constant under further illumination (Fig. 6.11 b )). 

After six days the parallel resistance Rp bas decreased, which is seen from the lower 
illumination levels in Fig. 6.11 a) and Fig. 6.11 b ). This is attributed to damages in the 
aluminium contact by putting the probes on the contact again and again. A more robust 
contacting metbod is required to perform reliable long-term measurements of light-induced 
degradation. Note that the initia! and degraded values of Rsc for higher illumination levels are 
equal, which implies that the series resistance determines the behaviour of the cell for these 
illumination levels. 
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6.3.2 Solar cell HP095: rd = 0.8 nm/s 

Solar cell HP095A5 has been exposed to the halogen light for approximately 120 hours. After 
respectively two and five days of light soaking, VIM measurements have been performed on 
solar cell HP095A5. Fig. 6.12 shows the results of the Rsc and the FF as a function of the 
illumination level. 
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Fig. 6.12 The effect of degradation on a) the short circuit resistance and b) the jill 
factor for HP095A5. 

For this cell, hardly any effect is seen after these five days of illumination. So either 
the cell was already degraded, or the period offive days is too short to completely degrade the 
cell, or the cells parallel and series resistance are so bad that the resistances completely 
determine the behaviour of the cell. 

Solar cell HP095B6 has been exposed to the halogen light during three days and after that 
VIM measurements have been performed (Fig. 6.13). For this cell the same holds as for 
HP095A5: no clear degradation is observed, but it should be noted that the 1(V) measurements 
contain a lot of measurement noise. Measurements after annealing have to verify if the cell 
was already degraded or not. 
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factor for HP095B6 
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6.4 Annealing 

Annealing was done during 2 hours at 130°C in low vacuum (approximately 1 Pa). After 
cooling down in dark, VIM measurements have been repeated on the cells. Unfortunately, 
HP095B6 behaved as an Ohmic resistance after the treatment, so no more useful 
measurements could be performed with this cell. 

6.4.1 Solar cel! HP097: rd = 0.1 nm/s 

According to Smith et al (1988), the Staebler-Wronski defects should have been removed 
after annealing (Fig. 6.14). But from Fig. 6.14a) it is seen that the cell does not reeover 
completely in illumination regime C. This may be due to the fact that the aluminium from the 
contact first holcts better to the a-Si :H and then diffuses into the silicon because of the 
elevated temperature. The 30 minutes annealing, described insection 5.2, improved the cell ' s 
efficiency. Sputtering a thin silver layer between the n-layer and the aluminium contact can 
avoid the aluminium from diffusing into the silicon. 

The series resistance again dominates the behaviour of the cell at higher illumination 
levels, causing no change in the characteristics after degrading and annealing. The cell's 
parallel resistance has decreased even more after the annealing. Note that, because of this, the 
distribution of the illumination regimes has changed too : regime B starts at higher 
illumination level. 
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Fig. 6.14 The effect of annealing on a) the short circuit resistance and b) the fill factor 
for solar cel/ HP097C4. 

6.4.2 Solar cel! HP095: rd = 0.8 nm/s 

Because the parallel resistance of this cell was very low, the cell ' s characteristics do not 
change noticeably after degradation and annealing for lower illumination levels (Fig. 6.15). 
Nevertheless, in regime C an improved behaviour is observed. This implies that the cell was 
already degraded, before performing the initial VIM measurements. A possible explanation 
for this is that the cell was already degraded during the deposition (Smith et al, 1988). The 
intrinsic Iayer has been deposited under relatively high pressure (70 Pa) and with high power 
(25 Watt), this causes a brighter plasma than the plasma for the intrinsic layer of solar cell 
HP097C4 supporting this explanation. However, it should be noted that these depositions are 
performed at high (~200°C) temperatures. 
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Fig. 6.15 The effect of annealing on a) the short circuit resistance and b) the fill factor 
for solar cel! HP095A5. 

6.5 p-i interface treatment 

As already mentioned in this chapter, problems at the p-i interface cause lower mobility ofthe 
carriers and lower the open circuit voltage. These effectscan be attributed to : 

Recombination centers in the regions near the p-i (and i-n) interface, where charged 
defect states necessarily exist (Asensi et al, 1999). 
Baron contamination at the p-i interface (Catalano et al, 1988) 
Back diffusion of photogenerated electrans (Schropp and Zeman, 1998) 
Emission of bonded H from the p-layer into the vacuum, allowing Si-Si bands to 
reconstruct (Fujiwara et al, 1999). 

To overcome these interface problems p-layer treatment just prior to intrinsic layer 
deposition is suggested as well as depositions of buffer layers. Fujiwara et al (1999) reports 
that applying a 6 minutes H2 plasma treatment, using a low plasma power (50 mW/cm2

) at 
200 °C, to the p-layer has led to an increase in Vac (from 0.84 V to 0.87 V). Koh et al (1998) 
suggest to deposit an a-Si :H buffer layer on top of the p-layer, that is grown at larger 
hydragen dilution (e.g. with gas flow ratio H2/SiiL = 20) to obtain a better structure and less 
defects. Korevaar et al (200 1) propose to imptement a buffer layer grown at small growth 
rates (0.2 nrnls). Luft and Tsuo (1993) report that the recombination of light generated carriers 
at the p-i interface is reduced by adding a 10 nm to 15 nm thick compositionally graded 
SiC:H buffer layer between the p-and intrinsic layer. 

Summary 

Variabie illumination measurements have been performed on two solar cells: one with a high 
deposition rate (0.8 nm/s) intrinsic layer and one with an intrinsic layer deposited at a normal 
growth rate (0.1 nmls). The n-layer and p-layer are the same for bath samples. The results 
have been compared with solar cells from Neuchätel. The effect of degradation and annealing 
has also been studied. 

It is observed that the series resistance of the cells is high compared to that of the 
Neuchàtel cell (at least one order of magnitude), resulting in low fill factors at one sun 
illumination. The reason may be that the p-layer is thinner than the depletion thickness. To 
imprave this, cells with thicker p-layers should be realised or the doping level in the p-layer 
should be increased. The intrinsic layer of the high growth rate cell is probably too thick and 
has too many defects, causing lower mobility. Solar cells with thinner intrinsic layers should 
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be deposited to verify this. A thicker or denser p-layer may also avoid pinholes that result in a 
low parallel resistance. The cell with the high growth rate intrinsic layer seems to be already 
degraded, since degrading for five days shows no effect, whereas annealing improves the cell 
characteristics, but it should be noted that the degradation experiments have been performed 
during a too short period of time to be reliable. The cell with the intrinsic layer deposited at 
normal growth rate reeovers only partly from annealing, after it was degraded. Aluminium 
diffusing into the silicon is probably the reason. It is recommended to reduce the annealing 
time in future experiments. Furthermore, a more robust contacting metbod is required to 
perform reliable long-term measurements of light-induced degradation. 

To overcome problems at the p-i interface, p-layer treatment just prior to intrinsic 
layer deposition is suggested as well as depositions of buffer layers. 
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7. Conclusions and recommendations 

In this last chapter the most important conclusions are summarized and recommendations for 
future research, conceming the optimization methods for a-Si:H p-i-n solar cells, are made. 

7.1 Intrinsic layer 

The intrinsic layer experiments have been performed by means of 'Design of Experiments ' 
(DoE) or Box-Behnken metbod and the parameters that were varied are the gas pressure and 
the RF power. The optimization metbod for the intrinsic layer is: 

determine the a~y' transition 
find the best optoelectronic properties 
realize Schottky devices (if only a small amount of information about optimal deposition 
settings is available) 
find the optimal i-layer thickness 

Having analysed this optimization method, the following conclusions and 
recommendations are made: 

• The plasma resistance, calculated from the in-situ Vl-probe measurements, as function of 
the gas pressure is a good indication for the occurrence ofthe a~y' transition. 

• If deposited under a-regime conditions, the intrinsic layers yield better optical and 
electronic properties. 

• Films deposited under y' -regime conditions have higher growth rates. 
• With the DoE metbod a relatively fast scan of the two dimensional parameter area has 

been made by taking only 20 samples. 
~ It is recommended to choose the optimal deposition settings not near the a~y' transition 

because of bad reproducibility in this region. The DC bias voltage is a good indicator for 
reproducibility. 

7.2 p-layer 

The optimization of the p-layer bas been performed by means of ' sequentia! optimization' , 
varying one parameter (gas pressure, methane flow, diborane flow) at a time. The 
optimization metbod for the p-layer is: 

find the best optoelectronic properties 
find the optimal p-layer thickness 

From this process the conclusions and recommendations are as follows : 
• Increasing the methane flow yields an increased activation energy and a widened optical 

band gap. 
• An increased diborane flow lowers the activation energy and narrows the optical gap. 
• For lower wavelength, solar cells with thinner p-layers have a higher Quanturn 

Efficiency, since these layers absorb less light. 
• A thin p-layer may become depleted, resulting in a higher series resistance, which lowers 

the fill factor. 
• The maximal quanturn efficiency of the solar cells is low (0.8), which allows for 

improvement. 
~ Further research bas to indicate if a thicker intrinsic layer results in higher quanturn 

efficiencies. 
• For the variation of the methane and diborane flow the DoE metbod would have been a 

better option: by performing just a few more experiments, information from a larger area 
of parameter space would have been obtained. 
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• Annealing the solar cells for 30 minutes at 150°C results in improved open circuit voltage 
and in a lower open circuit resistance. 

7.3 Variabie Illumination Measurements 

Variabie illumination measurements (VIM) have been performed at University of 
Barcelona, department of Fîsica Applicada i Optîca. 

• It is observed that the series resistance of the cells is high compared to that of the 
Neuchätel cell (at least one order of magnitude), resulting in low fill factors at one sun 
illumination. 

~ To improve this, cells with thicker p-layers should be realised or the doping level in the p
layer should be increased. 

• The intrinsic layer of the high growth rate cell is probably too thick and has too many 
defects, causing lower mobility. 

~ Solar cells with thinner intrinsic layers should be deposited to verify this. A thicker or 
denser p-layer may also avoid pinholes that result in a low parallel resistance. 

• The cell with the intrinsic layer deposited at normal growth rate reeovers only partly from 
annealing, after it was degraded. Aluminium diffusing into the silicon is probably the 
reason. 

~ It is recommended to reduce the annealing time in future experiments. 
~ A more robust contacting metbod is required to perform reliable long-term measurements 

of light-induced degradation. 
~ Degradation measurements should be performed during a longer period of time (>> 150 

hours). 

7.4 Forther recommendations 

~ To overcome the problems at the p-i interface p-layer treatment just prior to intrinsic layer 
deposition is suggested, e.g. applying a H2 plasma treatment to the p-layer; as well as 
depositions of buffer layers. An a-Si:H buffer layer on top of the p-layer, that is grown at 
larger hydrogen dilution is suggested to obtain a better structure and less defects. Adding 
a 10 nm to 15 nm thick compositionally graded SiC:H buffer layer between the p- and 
intrinsic layer is believed to reduce the recombination of light generated carriers at the 
p-i interface. 

~ The inaccuracy in the Tauc gap should be reduced. This is partly due to a small amount of 
measurement points in the energy interval form 1.9 to 2.5 eV where the data fit is taken, 
corresponding to a wavelength interval from 500 to 650 nm. It is recommended to take 
more measurements in this interval by adding more optical filters . Filters should e.g 
available every five nanometer wavelength. 

~ It is recommended to perform Reflection Transmission (RT) measurements on that part of 
the sample that is located at a predetermined position during deposition. 
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A. Overview of the intrinsic layer results 

1. Plasma electrooie properties during intrinsic layer deposition 

Pressure and power have been varied during these experiments. The other settings are as 
displayed in table 5.1. Table Al shows the plasma properties such as the DC bias voltage and 
the depletion, as wellas the properties that are obtained from the VI-probe measurements and 
the growth rate for the different pressure and power settings. 

Table Al 
Plasma properties during intrinsic layer deposition 

Sample p p V bias Rpl cp. Vrr Ppl .1Qsrn4 rd regime 
(Pa) (W) (V) (!1) (pF) (V) (W) (seem) (nm/s) 

HP067 10 5 -32 224.5 26.5 82.2 3.07 0 0.037 alp ha 
HP069 10 15 -91 123.4 28.7 149.3 7.52 2.25 0.074 alp ha 
HP072 10 25 -130 106.7 28.6 188.7 10.6 6.5 0.1 alp ha 
HP071 25 10 -22.5 198.2 31.3 104.6 6.01 6.5 0.068 alp ha 
HP075 25 15 -32 194.3 30.1 125.3 8.01 7.5 0.101 alp ha 
HP078 25 20 -39 187.7 31.2 141.1 10.5 10 0.127 transition 
HP066 25 25 -43 181.1 32.2 153 12.8 12 0.168 transition 
HP068 25 25 -46 172.8 35.7 149.7 14 10.5 0.137 transition 
HP083 25 25 -41 193.1 32.5 153.7 13.6 10.5 0.13 transition 
HP074 40 5 -5 379.3 25 .9 73.6 2.94 4.25 0.062 alp ha 
HP076 40 10 -8.8 280.7 27.3 97.9 5.09 2.5 0.089 alp ha 
HP079 40 15 -9.7 288.3 31.3 115.9 8.65 7 0.16 transition 
HP080 55 20 -0.5 384 49 117.5 13 7 0.509 gamma 
HP070 70 5 -0.6 850.3 146 76.1 3.37 4.05 0.086 transition 
HP081 70 5 -0.8 973.3 -103 77.9 3.07 2.65 0.077 transition 
HP077 70 10 -1.4 692.8 120 94.3 6.29 3.55 0.21 transition 
HP073 70 25 6 414.2 64.8 125 15.8 17.5 0.882 gamma 
HP082 70 25 6.2 425 .3 68.3 125.4 15.9 15 .5 0.739 gamma 
HP087 70 5 -1.4 1122 -39.5 85 .8 3.06 0 0.059 transition 
HP088 70 10 -1.8 642.5 68.4 92.9 6.27 2.55 0.242 transition 
HP089 10 25 -137 104.9 24.4 205 9.09 6.25 0.12 alp ha 
HP090 25 10 -17 231.6 27.9 104 5.47 2.7 0.073 alp ha 

2. Optical and electrooie properties of deposited intrinsic layers 

During the deposition of the Schottky devices Coming glasses have been deposited as well. 
Dark and photoconductivity measurements have been perforrned on these samples and on the 
intrinsic layers that where deposited on Coming glass earlier. Table A2 displays the average 
values of the dark conductivity, activation energy, photoconductivity and photoresponse as a 
function of the varied pressure and power. 

Table A3 displays the measurement results of the other parameters that are obtained 
from Reflection Transmission Measurements and Fourier Transforrned Infrared 
measurements. 
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Table A2 
A veraged results from the dark and photoconductivity measurements of the intrinsic 
layers 

p p E. crd crph crpt/crd 
(Pa) (W) (eV) (0"1cm"1

) (n-•cm·1) (-) 
10 5 0.83 6.4E-11 9.7E-5 1.52E6 
10 10 0.92 9.5E-11 3.2E-4 3.37E6 
10 15 0.85 3.9E-11 2.2E-4 5.64E6 
10 25 0.72 3.1E-10 l.lE-4 3.55E5 
25 5 1.01 3E-11 1.7E-4 5.67E6 
25 10 0.89 1.5E-10 1.4E-4 9.33E5 
25 15 0.81 6.5E-11 1.2E-4 1.85E6 
25 20 0.87 5.4E-10 1.3E-4 2.41E5 
25 25 0.86 1.3E-10 1.3E-4 l.OOE6 
40 5 0.92 1.7E-10 1.6E-4 9.41E5 
40 10 0.93 3.6E-11 1.6E-4 4.44E6 
40 15 0.78 1.4E-9 1.6E-4 1.14E5 
40 25 1.06 2.3E-11 4.2E-5 1.83E6 
55 10 0.70 7.1E-10 2.1E-4 2.96E5 
55 20 0.46 3.52E-9 4.7E-5 1.34E4 
70 5 0.83 7.6E-10 1.2E-4 1.58E5 
70 10 0.92 2.9E-ll 9.5E-5 3.28E6 
70 15 0.84 2.9E-10 7.2E-5 2.48E5 
70 25 0.71 8.4E-9 1.2E-5 1.43E3 

TableA3 
Results from the RT and FTIR measurements of the intrinsic layers 

Sample p p R* n (-) k (-) E 
(Pa) (W) (-) @2eV @2eV (e'V> 

HP067 10 5 0.13 4.04 0.08 1.74 
HP069 10 15 0.099 3.9 0.05 1.82 
HP072 10 25 0.089 4.12 0.08 1.76 
HP071 25 10 0.082 4.1 0.10 1.65 
HP075 25 15 0.058 4.13 0.075 1.69 
HP078 25 20 0.10 4.09 0.094 1.67 
HP066 25 25 0.18 4.08 0.091 1.72 
HP068 25 25 0.068 4.43 0.079 1.78 
HP083 25 25 0.18 4.2 0.12 1.72 
HP074 40 5 0.16 4.06 0.09 1.69 
HP076 40 10 0.051 3.95 0.10 1.69 
HP079 40 15 0.11 4.0 0.095 1.59 
HP080 55 20 0.55 3.96 0.07 1.73 
HP070 70 5 0.097 4.1 0.10 1.63 
HP081 70 5 0.18 4.44 0.12 1.71 
HP077 70 10 0.47 3.81 0.062 1.79 
HP073 70 25 0.38 3.55 0.052 1.70 
HP082 70 25 0.56 4.04 0.047 1.83 
HP087 70 5 0.39 3.96 0.11 1.68 
HP088 70 10 0.40 4.09 0.10 1.65 
HP089 10 25 0.29 4.06 0.09 1.67 
HP090 25 10 0.60 4.1 0.11 1.62 
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3. Schottky device characteristics 

From the Schottky devices /(V) curves have been taken at one sun AM1.5 illumination. The 
characteristic parameters obtained from these measurements are shown in Table A4. 

Table A4 
Characteristic parameters from the /(V) curves that have been taken from Schottky 
devices with intrinsic layers that have been deposited onder different conditions. 

Sample p p V oe Jsc R.c Roe FF 
(Pa) (W) (V) (mA/cm2

) (Ocm2
) (Ocm2

) (-) 
HP067 10 5 0.37 4.1 0.98 43 0.3 
HP069 10 15 0.37 4.0 0.56 52 0.32 
HP072 10 25 0.37 1.4 0.27 140 --
HP071 25 10 0.32 0.5 1.9 285 --
HP075 25 15 0.34 3.7 0.57 46 0.34 
HP078 25 20 0.37 3.2 0.74 50 0.36 
HP066 25 25 0.37 3.7 0.5 63 0.3 
HP068 25 25 0.35 3.7 1.3 54 0.31 
HP083 25 25 0.35 3.9 0.51 49 0.31 
HP074 40 5 0.35 4.0 2.4 37 0.36 
HP076 40 10 0.31 3.7 1.1 40 0.36 
HP079 40 15 0.36 3.0 0.67 33 0.27 
HP080 55 20 0.34 1.5 0.4 188 0.26 
HP070 70 5 0.34 4.0 1.7 42 0.33 
HP081 70 5 0.34 3.8 2.45 55 0.29 
HP077 70 10 0.37 3.8 1.1 37 0.37 
HP073 70 25 0.37 2.6 0.92 86 0.29 
HP082 70 25 0.37 2.6 0.7 81 0.3 
HP087 70 5 0.32 3.5 0.37 57 0.28 
HP088 70 10 0.34 3.5 0.99 49 0.31 
HP089 10 25 0.35 3.5 0.85 53 0.33 
HP090 25 10 0.34 4.22 0.64 39 0.33 
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B. Overview of the p-layer results 

1. Pressure variation 

Default settings are used during the gas pressure variation of the p-layer. Table B 1 shows the 
results of these experiments. 

Table Bl 
Results from pressure variation for the p-layer 

p rd ad Ea Eg n (-) 
(Pa) (nm/s) (n!em) (eV) (eV) @2eV 

20 0.115 1.32·10-5 0.515 ± 0.002 1.99 ± 0.03 2.95 
30 0.167 4.62·10-5 0.476 ± 0.003 2.00 ± 0.03 3.08 
40 0.264 1.03·10-4 0.469 ± 0.002 2.02 ± 0.07 3.04 
50 0.354 1.87·10-4 0.444 ± 0.001 2.05 ± 0.04 2.98 
60 0.415 5.28·10-5 0.434 ± 0.002 1.98 ± 0.03 2.97 
70 0.427 1.04·10-4 0.442 ± 0.001 1.98 ± 0.03 3.08 

2. Methane flow variation 

Default settings, edited for the gas pressure (60 Pa) are used for the methane flow variation of 
the p-layer. Table B2 shows the results of these experiments. 

Table B2 
Results from the methane flow variation for the p-layer 

Cllt flow rd ad Ea Eg n (-) 
(seem) (nm/s) (n!em) (eV) (eV) @2eV 

0 0.66 2.50·10-5 0.456 ± 0.005 1.78 ± 0.08 3.58 
25 0.60 2.77·10-5 0.388 ± 0.003 1.86 ± 0.08 3.47 
51 0.49 1.06·10-5 0.425 ± 0.003 1.89 ± 0.05 3.11 
85 0.43 1.16·10-6 0.446 ± 0.005 1.93 ± 0.05 2.95 
128 0.28 9.55·10-7 0.450 ± 0.002 2.00 ± 0.08 2.92 

3. Diborane flow variation 

Default settings, edited for the gas pressure (60Pa) and methane flow (70 seem) are used for 
the diborane flow variation of the p-layer. Table B3 displays the results of these experiments. 

Table B3 
Results from the diborane flow variation for the p-layer 

B2llt; flow rd ad Ea Eg n (-) 
(seem) (nm/s) (!l/em) (eV) (eV) @2eV 

0 0.36 1.0·10-13 0.8 ± 0.1 2.06 ± 0.08 3.05 
0.75 0.45 3.9·10-7 0.50 ± 0.005 1.94 ± 0.05 3.07 
1.25 0.38 2.0·10-6 0.45 ± 0.005 1.99 ± 0.05 3.14 
2 0.53 3.6·10-6 0.423 ± 0.005 1.97 ± 0.05 3.14 
3 0.48 7.3·10-6 0.42 ± 0.005 1.86 ± 0.05 3.17 
4 0.46 1.0·10-5 0.42 ± 0.005 1.85 ± 0.06 3.05 
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C. Origin chart for current density calculation 
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Origin chart that is usedfor the calculation ofthe current density, basedon 
Quanturn Efficiency measurements. 

Fig. C 1 displays the origin chart that is used for the calculation of the current density, based 
on the quanturn efficiency. Column 'Lampda' displays the wavelength in meters of the 
incident light for the Quanturn Efficiency measurements. Column 'Photout' displays the 
radiated photon density per wavelength interval, calculated from Planck's law, consictering 
the sun as a black body at 5700 K. Column 'Planck' displays the value after only a part of the 
calculation has been done. Column 'Photin' displays the amount of photons that is radiated 
towards 1 m2 of the earth surface. In Column 'QE' the results of the QE measurements have 
to be pasted. The values are multiplied with the ' photin' in order to obtain the current that is 
generated per wavelength interval. These currents are summarized by pressing the 
' recalculate ' button in the lowest window. In the column ' sum' of this window the current is 
displayed in A/m2

• The window on the right hand side displays several current densities 
measured using l(V) characteristics (column 'meet') and calculated using the QE (column 
' reken' ). 


