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I. Introduction: The Thin-Film Silicon
Solar Cell Challenge

Humankind has since ever increased its energy demands; it is the only living being of
the "blue planet” that has overcome its natural fear of fire and to acquire, thus, an apparently
unlimited access to energy. Quite a lot of time has past since this event and rudimentary
combustion of wood in an open fire has indeed been significantly improved by tremendous
technical advances over the past millenniums. At the verge of the 21 5t century, it becomes,
however, apparznt, that unlimited growth is problematic; but that our so called "modem
civilisation"” relies completely on steadily increasing energy demands, Today's dominant
energy resources (oil, coal, gas and nuclear power) are accomipanied by severe problems
related to air, water and surface pollution as well as the greenhouse effect. This is becoming
unacceptable and unaffordable.

Photovoltaics (PV), the direct conversion of sunlight into electricity, basically has the
potential 10 meet to some extend the rapidly growing demand for electricity with minimal
environmental impact. The real challenge of photoveltaics lies in the reduction of the cost of
solar cells while at the same time one should increase their conversion efficiencies. Only Ume
will answer which of all the new photovoltaic technologies developed so far will survive in
the long run in a more competitive energy market.

Silicon is the matenial of choice for the widespread application of solar modules for
power generation, where large quantities of solar cells have to be set in the biosphere for
decennials as silicon is non-toxic and already an abundant material in the earth’s crust.
Furthermore it is free of speculative actions which rise the prise of the feed stock.

Crystalline silicon (c-5i) solar cells could largely profit from the large know-how as
accumulated by the IC-industry. In fact, silicon is the best known and studied material in the
world. However, the cost reduction potential of the mature ¢-Si photovoltaic technology is
almost fully accomplished: even though for now the market is dominated by panels
incorporating c-Si solar cells, it is foreseeable that if production is further scaled up, problems
with the crystalline silicon feed stock will arise. Low cost crystalline silicon wafers for the
PV-industry come actually from the debris of the IC-industry and is not increasing at a
sufficient pace 1o meet tomorrow’s demand from the PV-industry.

On the other hand, an other form of silicon, namely hydrogenated amorphous silicon
(a-Si:H), has inherently the potential to massively undercut the costs as set by panels
assembled from individual ¢-8i solar cells. Hydrogenated amorphous silicon {a-S1:H) can
advantageously be deposited by the plasma enhanced chemical vapour deposition (FECVD)






The global trend in photovoltaics to meet the low cost high efficiency dilemma can be
called the thin-film silicon solar cell challenge. The challenge is manifold but lies principally
in combining a priori incompatible technologies in one single device. Our contribution,
developed at IMT and called the micromorph concept, is the combination of both amorphous
and microcrystalline silicon. In this newly developed micromorpb cell, a bottom
microcrystalling silicon (pc-Si:H) solar cell is advantageously combined with an a-Si:H top
cell in a monolithic tandem structure as can be seen in fig 1.1. Because of the different optical
gaps, 1.7 eV for a-Si:H and 1.1 eV for pc-Si:H, a better nse of the solar spectrum is possible.
In fact, the spectral response of this micromorph tandem cell is extended to the red light
compared with the spectral response of an a-Si:H because of the pe-Si:H bottom cell. Since
pc-Si:H does not show a light induced degradation, the overall stability of the micromorph
cell is also enbanced. Further, the newly developed pc-Si:H solar cell is full inline compatible
with a-8i:H technology.

However, at the beginning of this work, some obvious problems of the microcrystalline
cell hindered a faster development of this new photovoltaic material. This had atso occured in
the past: even though ptc-Si:H had been already discovered in 1968 by Vepfek [1], who also
investigated the fundamnetal properties of this material in detail (2, 3), pc-Si:H was
disregarded for quite a long time to be an active photovoltaic material.

The approach of the author of this work has thus been to develop pc-Si:H layers with
the clear goal o be used in a photavoltaic device. Problems thereby encountered have been
tried to be solved in such a way as to render this material as atractive as possible for a
potential industrial application. The following outline of this work, that reflects its
chronological development, shows that difficult to handle technologies were replaced by
simpler ones that did not only lead to higher conversion efficiencies but also to significantly
faster manufacturing times of single pc-Si:H solar cells.

Outline of this work
First section

Far the purpose of this work a pew Very High Frequency - Glow Discharge (VHF-GD)
reactor was built by the author. This turned out t¢ be very beneficial not enly to learn basic
vacuum technology bt also to really understand and realise that the reactor and its handling
has a direct impact on the guality of the intrinsic pe-Si-H layers that are required for PV-
devices. Special emphasis was laid in obtaining an outgasing rate as low as possible to avoid
oxygen contamination of the layers.



Additionaily, in view of the later prodoction of complete devices, the delicate to prepare
p - doped -uc-Si:H layers were reoptimised at onr standard Jaboratory frequency of 70 MHz.
The soft nature of VHF - plasmas as compared with standard 13.56 MHz plasmas is shown by
obtaining epitaxial growth of such optimised p-layers on c-Si. Additionally, the plasma
excitation frequency was extended to even higher frequencies of up to 130 MHz. Thereby, it
was farther evidenced that higher excitation frequencies nat only ailow to obtain higher
deposition rates of high guality p-type jtc-Si:H layers, but also that the deposition parameter
window is substantiaily enlarged.

Second section

we-SiH layers are only useful for photovoltaic applications (in p-i-n or n-i-p diodes)
when they can be tuned to be midgap, i.e. that their Fermi level lies at midgap. Before this
work, this was achicved by adding small traces of diborane (in the ppm range) o the gas
phase (silanc and hydrogen) fed into the reactor. This so called "micradoping” approach was
unfortunately a quite delicate technology to master.

By controlling as far as possible the oxygen contamination, it turned oot that device
grade uc-8i:H can be abtained without any micredoping. In our work this was achieved by
controlling impurities coming from the outgasing of the reactor and by purifying the sonrce
gas by a getier-based purifier. The impact of this approach has not only been to replace the
microdoping approach tut has alsa resulted in significantly enhanced conversion efficiencies
of pe-SizH solar cells.

Third section

The "purifier approach” opened the door for an efficient search for new deposition
conditions to overcome the ususally low deposition rate of pe-Si:H.

In this section, we present results of attempis to significantly enhance the deposition rate
af our intrinsic pe-Si:H silicon. For use in solar cells, a thickness of about 3.5 um of pe-Si:H
is required in arder to absorb enough sunlight. The usnal deposition rates, even with the
inherently faster VHF-GD deposition technigue, were around 1 Afs. With such a low
deposition technique, the main goal of working towards a low-cost high-efficiency salar cell
would have been jeopardised by a net depositian time of 10 h for this intrinsic layer.

By systematic increasing of both, the silane concentration and the VHF-power level, a
10 fold increase in deposition rate has been achieved. Such layers have also successfully been
integrated into pc-Si:H solar cells. We could also bring to evidence, that if the excitation
frequency is high enongh, the detrimental ion bombardment for the layer guality can be
maintained low enough even when the VHF-pawer is substantially increased.



I1. The VHF - GD Deposition Technique

2.1. Introduction

There are several known possibilities how to deposit thin silicon films from the gas
phase directly on a substrate. One way is tc provide high encugh thermal energy for the
dissociation of the source gas. This is done in the widel); used Chemical Vapour Deposition
techmique (CVD) where the substrate is maintained at relatively high temperatures. The
deposition of the so-called "polysilicon” requires in general temperatures in excess of 600 °C
[4] and by that requires temperature resistant substrates, The risk of autodoping (doping by
impurities present in the systemn) at such high temperatuses is high,

If the dissociation of the source gas is enhanced by a plasma discharge, much lower
process temperatures (typically below 300 °C) for the deposition of silicon films are
necessary; this techaique is called plasma enhanced chemical vapour deposition (PECVD).
Such low temperatures allow a larger choice of different substrate materials. The deposition
process by PECVD can be tuned in such a way that either amorpbous silicon or
microcrystalline silicon may be obtained.

To avoid confusion we will denominate in this work as polycrystalline silicon the
material deposited by CVD and as hydrogentaed microcrystalline silicon (tc-Si-H) the films
deposited by PECVD. Note that these names are not related to the grain size since both,
polycrystalline and microcrystalline silicon can have the same grain size (50-1000 A).

In the case of silicon nitride, just to mention angther example, the process temperature is
reduced from 700-800 °C necessary for CVD down to 250-350 °C when using PECVD. Such
low temperatures are the only way to use this material with its excellent passivation properties
over the final device metalisation in VLSI technology [4].

The type of plasmas used in PECVD are called "cold plasmas”. The plasma is not in
thermal equilibrium, ie. the energy of the ions and free electrons is not equal. Most of the
RF-power is actually picked up by the electrons due to their lower mass as compared to the
reminder ions. The dissociation of the source gas is substantially enhanced by impact
ionisation caused by electrons that have gained enough kinetic energy from the RF-field.

The flux of neutral radicals onto the substrate leads to the growth of the film whereas
atomic hydrogen etches the growing film when hydrogen-diluticn is used as in the case of
pe-Si:H. As a result, depending on the plasma conditions, different growth conditions can
result. Thus PECVD grown silicon thin films have substantially different properties than
those grown by CVD.



2.2, Particularities of VHF - GD

Standard PECVD is performed at a frequency of 13.56 MHz. The choice of this
particular frequency comes from lcgislative restrictions concerning the power emitted at
attributed telecommunication frequency bands (e.g. the FM - band lies at 88-108 MHz).

However the excitation frequency has been shown to be considered as a key plasma
parameter deserving a keen investigation. Pioneering work was done in our group to extend
the plasma excitation frequencies 10 the very high frequency band: Cortins et al. reported in
1987 {5] a remarkable increase of the deposition rate of a-5i:H together with good material
quality achieved by increasing the plasma excitation frequency from the standard 13.56 MHz
up to 70 MHz.

Hereafter we will give a short summary of differences that have beea found between
standard PECVD and VHF-GD with emphasis on relevant featwres for pnc-Si:H growth.
Thereafter the VHF reactor that was built for this swdy is described, including the particular
contributions of this work that further demonstrate how VHF-GD is well snited for the growth
of ye-Si;H.

Experimentally it has been observed by several authors, that the deposition rate of
a-Si:H increases by increasing the plasma excitation frequency, maiataining other process
control parameters (pressure, gas flow, RF-power, reactor geometry) effectively constant [3-
71. Several factors controlling this enhanced deposition rate have been elucidated. Recently it
has also become more and morc evident that some of the factors which lead to higher
deposition rates for a-Si:H are also playing an important role in the growth mechanism of
pe-Si:H.

1t has been observed that at higher excitation frequencies one bas:

- a higher electron density (and by that higher dissociation rates)

- the RF-power is dissipated rather to the bulk than to the sheath {a reduced sheath
thickness is observed)

- a reduced sheath potential between the plasma and the substrate Jeads to lower peak
ion energies with an enhanced flow of (low energy) ions to the substrate. By that ion
bombardment enhanced surface reactions or desorption of chemisorbed species and reaction
of radicals that contribute 10 the films growth, is enhanced.

As shown in fig. 2.1, Heintze et ab. [7} measured an enhanced ion flux on the growth
surface at higher frequencies. This is related to the changes in the bulk plasma and the sheath,
They suggested that the enhanced ion flow to the growth surface could well be the growth-



rate controlling mechanism in the deposition of a-5i:H material due to an increased surface

reactivity of the film precursors.
The reduced peak ion energy also observed (see fig. 2.1.} is a direct consequence of the
reduced sheath potential and it has been proposed that this might be the reason why VHF-

plasmas favour pe-Si:H growth [8].
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Fig. 2.1. Ion energy distribution of pesitive ions en the substrate, measured in an H2 plasma:
The flux of ions is roughly proportional to the excitation frequency. At the same time,
we observe a decrease in the maximum ion energy up to 130 MHz. Data taken from
M. Heintze and R. Zedlitz [7)].

2.3. The VHF-GD Deposition System

Parts and components designed for operation at the standard 13.56 MHz excitation
fregnency are easily available on the market. However, deposition systems operating at higher
excitation frequency are not (yet) commercialised. Here, at IMT, we bailt up onr own
deposition reactors with VHF capability. This research reactors are quite flexible for research
purposes and are steadily improved. Apart from getting better experience in vacnum



technology, this approach of building up our own deposition reactors allows us to understand
better how the deposition processes are influenced by the "tool”, i.e. the deposition reactor

(and vice versa).
2.3.1 The deposition system

Fig. 2.2. shows a schematical sketch of the parallel-plate VHFE-GD reactor that was
built-np for this work. The reactor vessel consists of stainless steel and is basically a sphere
with two double crosses for the connections to other vacuum components (see fig. 2.3.). All
the direct connections to the reactor are provided by the Conflat system (CF) which allows to
handle high bake-ont temperatures (sealing is provided by a copper gasket) and ensures low
leak values,

Pressure Exhaust
SEensors
Reactor Q
| Burner
Anode Valve
gas — - Substrate
Cathode Pumping
sysitem
—_ VHF

Fig. 2.2. Schematical representation of the VHF-GD deposition system with its major
components.

The bigger double cross (CF 200) accommodates both electrodes and allows a close
connection to the purnping system. Accessibility to the inside of the reactor is provided by a
front door. A small window integrated in the door allows a direct observation of the plasma.
The reactor system is further connected to a load-lock system (see fig. 2.3.) in order to
minimise pump down cycles and to aveid contamination of the system.






in the chamber is high enongh to heat np the walls through convection. Because the outgasing
rale depends mostly an the temperature of the chamber walls, this water cooling circuit
cnsures a higher stability of the deposition process. By this way contamination of the films
related to the outgasing rate remains constant and controllable during the time of depositian.
Further, the system has been equipped with a load-lock charging facility to micimise pnmp-
down cycles.

Precise control of the flow of gases is provided by flowmeters. The available gases were
argon (Ar), hydrogen (H3), silane (SiH4), methane (CHg4), carbon dioxide (CO2), nitrogeo
(N2), diborane (B2Hg) and phospine (PH3). The latter two are diluted respectively at 500 and
1000 ppm into hydrogen. An optional gas purifier allows to reduce oxygen contaminants in
the source gas. Oxygen contamination of the source gas is due to the outgasing in the
relatively long gas lings in the labaratory bt is alsc originally contained in the gas bottles.

The pressure of the chamber is monitored by a Pirani and a Penning gauge. During the
process, the pressure is controlled by a baratron gauge (capacitive marometer) which bas a
higher precision at the usnal pressure range of the process (typically 0.1 to 1 mbar). The
process pressure is controlled by a positionable valve which is controlled electronically and is
situated between the chamber and the pumping system. To avoid burning of the plasma
between the powered RF-plate and the border of the elecirode a shield is installed as described
in detail in earlier work of onr group [9].

The pumping systern consists of a process compatible turbomeolecular pump backed by
a double stage oil-sealed mechanical rotary pump {primary pnmp). There is no need to switch
between a high vacuum pump and a process pump. During the deposition process, nitrogen is
admitted by a "gas ballast” facility into the primary pump to avoid coodensation of vapour
and to dilute the process gas. The extracted process gas is then decomposed in a burner at
about 650 °C before reaching the environment.

2.3.2 Characterisation and operation of the deposition system

All deposition temperatures indicated in this work are effective substrate temperatnres
as obtained by calibrating the substrate temperature. Calibration of the temperature was done
by measuring the effective substrate temperature for realistic gas pressures as used for the
deposition process in order to take in account the effect of substrate heating by convectioa of
the gas.

Gas flows were calibrated under isothermal conditions. The whole system (with the
electrodes) was cooled down to room temperature. Calibration was done by the pressure rise
method. Once the gas flow as controlled by the flowmeter is stable, the chamber is isolated
from the pumping system and the pressure rise Ap (in mbar) is measured for a given time
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interval At (in sec). Knowing the volume of the chamber (36 1), the gas flow ¢ in standard
cobic centimeters (scom) can be calculated as:

Gas flow: ¢{sccm) = 60 - V - (Ap/At) (2.1)

Similarly, the outgasing rate of the reactor is also measured by isolation of the whole
reactor and measuring the pressure rise for a known time interval. This evaluation procedure
is done particularly just before the deposiuon of the intrinsic layers as will be discussed later.
The outgasing rate is calculated as:

Outgasing rate ¢{mbar 1/ sec) =V - (Ap/At) (2.2))

As shown in several publications special care has to be taken, to specify the applied
VHF-power to the plasma. Non negligible losses render the effective applied VHF-plasma
power in some cases significantly lower. A method to evaluate the effective power applied to
the plasma which has been used in our experiments is the subtractive method [6, 10]. It can be
shown, that at a constant peak to peak valne the power applied to the plasma equals to:

Effective plasma power Peff = Pappl - Ploss (2.3)

This graphical method allows to access the effective plasma power (Peff) by
substracting from the applied plasma power (Pappl) the network losses (Ploss). Network
losses are measured under vacunm conditions. A meore detailed desciption of this evaluation
method is given in section 4.3.1.

2.3.3 Substrates

In the following, we will mention case by case which substrate was wvsed. In fact,
depending on the measurement technique we plan to apply for the characterisatinn of the
puc-SitH films, different substrates bave been used:

-Sodium free glass (for optical and electrical characterisation, X-Ray)

-wafers (for IR measurement, epitaxy)

-8n02 coated glass from Asahi (for p-i-n or n-i-p devices)

-Aluminium or stainless steel sheets coated with sprttered ZnO/Ag (for n-i-p devices)

All these substrates can be loaded on the same electrode, and thus pe-Si:H films can be
deposited in the same run on different substrates.

11



2.4. Two _studies illustrating advantages of VHF-GD for
crystalline silicon growth

Hereafler we will give recults of two studies that illustrate that the VHF-GD depeosition
technique is particularly well suited for the growth of the crystalline phase of silicon.

In the first sectian, we show that an increase of the excitation frequency results in an
eularged parameter space for the deposition of thin p-type pe-Si:H layers, Doping of such
layers is achieved by adding dibarane into the gas phase. However, diborane is known to
hinder the crystalline vucleation. Here we will show that thanks to the higher employed
excitation frequency higher quantities of diborane can be applied to the gas phase without
preventing crystalline nucleation.

In the second section it is shown that such a highly diborane deped layer, as optimised
on glass, can even grow epitaxially if a crystalline wafer is used as a substrate. This result is
remarkable w.r.t. the low deposition temperature of only 170°C that is 1sed here and
illustrates, once again, the "soft nature” of VHF-GD: We have proposed that the maximum
kinetic energy of the impinging ions is below the energy leve! to create defects in tbe Sj
crystal [11].

2.4.1. Enlarged parameter space for thin p-type pe-Si:H layers

In this chapter new resulis on thin p-type pmc-Si:H films [12] deposited at low
temperatures (170 °C) by the VHF-GD are presented.

Doped jic-Si:H layers are excellent contact layers fer photovoliaic applications due to
their higher doping capability and conductivity as compared to amorphous silicon. However,
the major drawback of growing very thin boron deped pe-SitH layers is that it is
technologically quite a delicate task to find the appropriate parameters 1o avoid a phase
transition to a-Si:H for very thiu layers. One has to ensure that the layer is indeed
microcrystalline. This morphalogical requirement is usually achieved by highly diluting
silane in hydrogen. Standard 13.56 PECVD requires, in general, dilution ratios higher than
1 % SiH4/total gas flow. On the other hand, the VHF-GD technique allows for lower dilution
ratios, i.e. of 5 % SiH4/total gas flow, for pc-SitH growth [13] and even beyond vnder high
VHF-power couditions as will be shown in section 4. However, earlier studies on p-type
pe-SiH have clearly shown [14, 15] that deping has to be carefully adjusted: the eptimum
diborane doping ratio (B2Hg/SiH4) for highly conductive films has to be determined
empirically: on one hand, enougl doping is reeded o push the Fermi level close to the
valence band, on the other hand, a too high doping will result in the amarphisation of the
layers [16-18].



Earlier studies [13, 19] have shown that YHF-conditions are favourable for
microcrystalline growth. The better growth of pc-Si:H at higher plasma excitation frequencies
motivated ns to further increase the excitation frequency in order to try to obtain even higher
conductivities. So far, comparative excitation frequency studies for pe-Si:H growth have been
carried out only on n-type pe-Si:H [19].

The films in this study were deposited on AF45 glass from Schott at plasma excitation
frequencies of 70, 100 and 130 MHz. To aveid cross-contamination from outgasing, the
reactor chamber walls were heated ovemight, leading thus, to a base pressure of 5-10-8 mbar
at room temperature, To achieve high reproducibility, ali layers were deposited with the same
cbamber history. The employed gases were SiH4, H2 and B2Hg diluted at 500 ppm in Ha.
Gas pressure was kept constant at 0.4 mbar and dilution level of silane was 1.5 % over a total
gas flow of 100 scem. The effective VHF-power, determined by the snbtractive method was
kept constant at approximately 3.5 W, This corresponds to setpoint values of 4, 5 and 9 W for
the respective excitation frequencies of 70, 100 and 130 MHz. One can observe from this
measurements that the power coupling efficiency becomes worse at higher excitation
frequencies.

As a monitor of the doping efficiency, the value of the room temperature dark
conductivity {Gd) under an N2 atmosphere at 10 mbar after a standard temperature annealing
step up to 150 °C was chosen. Optimal doping was chosen when 64 reaches a maximum
value.

The layer thickness was kept constant at around 400 + 100 A as measured by o-step
(profilometry) for optimisation of the boron doping experiment. This was chesen in order to
avoid errors due to the strong thickness effect on 04, as observed for very thin layers {20]. In
order to maximise G4, a doping-study was carried out for the different plasma excitation
frequencies: 70, 100 and 130 MHz. From fig. 2.6. it is obvions that the doping range for
highly conductive p - type jtc-SicH filtns is broadened when the plasma excitation frequency
is increased. From this result we deduce, that higher excitation frequencies favour the growth
of p - type ic-Si:H layers. This effect is also interesting from the point of view of plasma
physics, since it provides further experimental evidence that the VHF-GD technigue at high
plasma excitation frequencies is indeed an appropriate tool for the growth of pe-Si:H. Here,
we observe that even a highcr amount of diborane in the gas phase ratio does not hinder
crystalline nucleation if one moves to higher plasma excitation frequencies.

13



1 1 | | ] 1 1 T )

P 101
E
[*3
by
2 0!
o )
- - 3
% 10 100 MHz
=
1":, 103
2

107
S
E o107
a

10!

0 0.3 0.6 1 1.3 1.6
B_H /SiH, [%]

Fig. 2.6. Room temperature dark conductivity as a function of diborane dopipg for three
different rf-plasma excitation frequencies. Film thickness is nominally 400 A.

From fig. 2.6. we deduce that the optimal diborane doping ratio (BaHg/SiH4) for the
70 MHz series is about 0.2 % and that this optimum is shifted to a higher value of about 0.7 %
for the 130 MHz series. To compare this 130 MHz p - type fitms with an eartier sindy done at
70 MHz [14], we deposited a thickness series at 0.7 % ByHg doping as assumed to be optimal
for 130 MHz (fig. 2.6.). Tt is well-known that for thicknesses under a critical value, the dark
conductivity od will drop substantially [20].

In fig. 2.7. we compare the 130 MHz series with a 70 MHz series already published [14]
which was deposited in an equivalent reactor and under similar conditions. It is surprising that
even uader such different growth conditions the films have the same thickness dependency of
the electrical properties. In fig. 2.8. we show the optical transmission of the 130 MHz
thickoess series. Although the highly conductive films (d > 180 A) show considerable
absorption in the visible range, but the appropriate thickness, e.g. for a window layer in a
solar cell, has to be worked out in the device itself, as the nucleation behaviour can strongly
depend on the underlyiug substrate (see also section 2.4.2).
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The deposition rate of boron-doped films depends strongly on the BoHg/SiHg gas phase
ratio. To compare the deposition rates of highly conductive films obtained by different plasma
excitation frequencies, we kept the gas phase doping ratio at the constant values of
0.2 % B2Hg / SiHg; the resnlt is shown in fig. 2.8. For comparison, the 130 MHz film with
optimal doping of 0.7 % is also shown in the same figure. We see that an increase in
excitation frequency results in higher deposition rates: the deposition rate is doubled by
increasing the excitation frequency from 70 to 130 MHz. An even higher deposition rate is
observed when increasing the diborane doping ratic. Note that this increased deposition rate
does not affect the film guality in terms of electrical conductivity as seen in fig. 2.7, provided
that the excitation frequency is high enough.
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Fig. 2.8. Optical transmission of p-type layers deposited at a plasma excitation frequency of
130 MHz for a set of layer thicknesses as shown in fig. 2.7.
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Fig. 2.9. Deposition rates of diborane doped microcrystalline silicon films deposited on glass
at several plasma excitation frequencies. Further doping increases the deposition rate. In
the case of the layer grown at 130 MHz, 0.7 % comesponds to the optitnum amount of
doping (maximum of ¢4 at room temperature).
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Starting from previously published results on p - type pc-8i:H, deposited at an
excitation frequency of 70 MHz, where the VHF-GD method had already been shown to give
excellent layers w.r.t conductivity and activation energy, we have extended the plasma
excitation frequencies to even higher frequencies of 100 and 130 MHz. Thereby, we found
that the parameter range for the diborane gas phase doping ratio is substantially enlarged. This
effect supports earlier findings that higher plasma excitation frequencies lead to higher
crystallinity and higher deposition rates of the pic-Si:H films. Note, that 130 MHz has not to
be considered as an upper limit as in a recent work excellent p-type pe-8i:H has been
demonstrated at a single excitation frequency of 170 MHz [22]. Indeed, they found a similar
result, that is a broader doping regime for p-type pe-Si:H.

As an outlook, this larger parameter space at the higher plasma excitation frequency of
130 MHz could probably also facilitate the growth of boron-doped pe:Si,C:H layers, i.e. of
silicon - carbon alloy. There, methane used in the gas phase is also known to hinder
nucieation [15). Higher plasma excitation frequencies may thus favour the growth of
SiC - crystailites; in a similar way, Hamakawa et al, claim to obtain SiC crystallites when
psing the ECR - process at 2.45 GHz [23): The enlarged parameter space at higher
frequencies demonstrated here may possibly constitute a tool to overcome this limitation.

In section 4, where we will show how to obtain higher deposition rates for undoped
pe-8i:H, we will make use of this here found larger parameter space at higher excitation
frequencies.

24.2, Epitaxial growth at a very low temperature of 170 °C

Doped epitaxial layers deposited at very low temperatures are generally interesting for
ULSI technology, opto-electronics in TFT's, as well as for crystalline pn solar cells [24, 25].
In this case, abrupt junctions can be built “externally” without interdiffusion of dopants
occuring during the high temperature process of doping by diffusion. Moreover, low
temperature epitaxial growth can reduce auto-doping, wafer warpage and system design cost.
The results presented in this section have already been pubiished elsewhere [26].

So far, a variety of techniques have been employed to grow silicon epitaxiat Jayers, at
rather low temperatures, some examples are: the use of chloride [27] and halide [28] gases
(note that these gases are problematic from an environmental point of view), molecular beam
epitaxy [29], synchrotron-radiation photochemical vapour deposition [30], dc magnetron
sputtering [31] and, also, a2 modified rf-dc magnetron sputtering method which lowers the
kinetic energy of the particle bombardment [32]. Early work of Townsend et al. [33] in i972,
and the work reported by Comfort et al. {34] in 1987 already used the inherent advantages of
PECVD but at the rather high temperatuzes of about 800 °C. With this technique, in situ
cleaning is easy to perform and the plasma provides the (non-thermal) energy during the
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epitaxial growth. By then, Veprek [35] raised the question, whether epitaxial Si films could be
grown by PECVD at very low temperatures with sufficiently high deposition rate and film
quality. To reach this goal, onc approach within PECVD is lo keep the plasma, which is
"breeding” the radicals, away from the growing epitaxial layer, in order to avoid the creation
of crystal defects by impact of high energy ions. This can be done e.g. by electron cyclotron
resonance PECVD (36, 37], by remote plasma CVD [38] or by controlling the ion energy
with a mesh inserted between the plasma and the substrate [39]. Notwithstanding, it has been
shown that even standard PECVD permits the growth of high quality undoped epitaxial layers
as shown by Tsai et al. [40] and by Chen et al. [41, 42]. Standard PECVD has additional
advantages such as capability for large-area depasition, low cost and simple realisation of
batch-wafer processing.

However, all these low temperature epitaxial layers produced by Tsai et al. [40] and by
Chenet al. [41, 42] were undoped. In order 1o epitaxially grow p - doped layers, an additional
difficulty has to be overcome, namely the tendency of amorphisation of the material when
h.lgh amounts of boron is added to the gas phase To address this pmblem. we made use of the

hxdmgmum_mmﬂmuwlmm_ﬂm The favourablc growth

canditions of pc-Si:H deposited by VHF-GD are understandable from the results of plasma

investigations: it has been found [43], that an increase of the excitation frequency results in a
decrease of the average ion energy and in a bigher ion flux to the growing substrate. Tt is
supposed that an enhanced ion flux with moderate ion energy gives rise 1o an increased
surface mobility of ad-atoms near the growing surface, thereby favouring the growtb of
crystallites. This effect will be favourable for both the growth of pc-Si:H layers and of
epitaxial silicon layers.

In this chapter we report on the growth of strongly boron-doped epitaxial and pe-Si:H
layers by the VHF-GD technique at temperatures as low as 170 °C. These results are of
interest both for the actual growth of epitaxial films and, also scientifically, 1o obtain a bener
general understanding of the initial nucleation of silicon crystallites on different substrates
[see e.g. 23] including crystailine silicon,

Basically, we investigated two types of diborane-doped layers: In a first siep, boron
doped pc-Si:H layers were dcposited on glass in order to optimise the dibarane doping ratio
s the layer quality could be easily monitored by looking at the dark conductivity od. In a
secand step, using these optimised doping parameters, epitaxial layers were deposited on
crystalline wafers, where we restricted the analysis to cross-sectional high resolution electron
micrographs (HREM) obizined by transmission electron microscapy (TEM).

This two step proceeding was necessary as the optimal diborane doping ratio
(B2Hg/SiHy) to obtain highly doped filins has to be determined empirically since, on the one

18



hand, enough doping is needed to push the Fermi level close to the valence band, but, on the
other hand, too high doping results in an amorphisation of the layers [16, 17]. '
This optimisation process of the boron doping for a given frequency (70 MHz) and tayer
thickness (400 A) was already described in detail in the previous chapter. The resnlt thereby
obtained is shown in fig. 2.10, where the dark conductivity is plotted as a function of diborane
doping ratio: The optimum doping ratio is about 0.25 % of diborane in silane, for the chosen

parameters and at a plasma excitation frequency of 70 MHz.
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Fig. 2.10. Room temperature dark conductivity versus diborane doping ratio. The added line
is for guiding the eyes.

Once the optimal set of parameters to grow c-Si on glass was found, it was applied to
the deposition on ¢-Si wafers. Employed substrates were p-type CZ-grown c-Si of <100
otientation with a resistivity of 5-7 {lcm. The standard procedure before loading the
substrates was cither a rinse with deionised (DI) water or a HF-dip and then drying with a N3
jet. The silicon substrate surface was exposed to air for abont 5 min. while loading into the
reactor after the cleaning procedure. Note, that the wafers did not receive any further ex-situ
cleaning and that they were used as sold by the manufacturer. Additionally, the deposition
system is not in a clean room environment.

Prior to deposition, the water-rinsed substrates received successively for 10, 20 and
5 minutes, respectively, the following in-situ ireatments: argon plasma, hydrogen flushing at
0,95 mbar and hydrogen plasma. The HF-dipped substrates just received an in-situ hydrogen
flushing. During all these pre-treatment steps, the substrates were already kept at the fixed
deposition temperature of 170 °C. In the following we will show that the sample preparation
has a crucial effect on the growing layer. )



The substrate which just received a DI-water rinse is still covered with a native oxide
layer and hence no ordered structure is given to the ongrowing layer. This can be seen in
Fig. 2.11a, where a dark line (the oxide?) between the wafer and the grown layer can be seen.
Small crystallites can be seen within the layer, as is usual for pe-Si:H, but by no way, we are
dealing with epitaxial growth, since the structure of the wafer is completely screened by the
native oxide.

The wafer which received several plasma pre-treatment steps can be seen in fig. 11b
together with the deposited layer. Owing to the plasma attack, the oxide covering the substrate
has been partially etched away. However, no effect on the initial nucleation of the deposited
layer can be seen if we compare with the previons fig. 11a where the oxide layer was not
attacked at all. From this experiment it is, thus, unclear whether a plasma etching step is able
to remove the oxide layer in such a way, that subsequent epitaxial growth wounld still be
possible, i.e. without causing lattice damage. This question still remains open.

In fig. 11c, epitaxial growth is clearly observable. Whilst depositing the ongrowing
layer, steps on the crystalline surface are encountered, favouring, thus, crystalline growth.
Here, the native oxide of the wafer has been removed by the applied HF-dip. It is evident that
the same orientation persists from the bottom to the top of the epitaxially grown layer. The
interface in this case looks atomically flat, however, stacking faults can be seen. The epitaxial
layer has a thickness of 375 A with a corresponding deposition rate of 0.74 Assec.

In conclusion we have shown for the first time that epitaxial growth of boron-doped
crystalline silicon can be performed using the VHF-GD technigue at temperatures as low as
170 °C. We propose that at VHF plasma excitation frequencies, an increased ion flux to the
surface of the substrate gives rise to an enhanced surface mobility even at very low substrate
temperatures, i.e. the surface mobility might in our case be mainly controlled by the plasma.
Furthermare, the reduced peak ion energy in VHF plasmas allows for deposition conditions
that de not induce too many lattice defects in the orienting substrate and within the growing
layer [11].

The VHF-GD process bears, hence, the potential to fabricate crystalline silicon pn
solar cells below 200 °C by using either a single-junction approach (as already demonsirated
by the author [23, 44]) or a multijunction approach [453]. As the evidence of low temperature
epitaxial growth is given in this thesis for boron-doped silicon, it should also be possible to
grow epitaxial phosphorous-doped layers with this same technique, because crystallisation is
less difficult in the case of phosphorous doping [18]. Additional advantages like large-area
deposition, low cost and easy batch-wafer processing capability are inherent in the technique
used here,
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III. Intrinsic pc-Si:H

3. 1. Introduction

For quite a long tirne, pe-Si:H as prepared by GD - plasma has not been considered to
be of use as an active photovoltaic material; it was considered to be difficnlt to collect the
carriers photogenerated in such layers. Research on pe-8i:H layers was limited essentially ta
the study of doped pc-Si:H layers; these layers are interesting in the formation of p/i and ifn
barriers, because of the higher doping efficiency observed in these layers when compared to
a-Si:H. It was generally assumed that pe-SiH is necessarily a defect-rich semiconductor and
that therefore snch a defect-rich material cannot be used as active layer in a solar cell [46].
The strong n-type character generally abserved in as-deposited undoped pe-5i:H was taken as
a further fact to corroborate the idea of pc-Si:H basically being a defect-rich semiconductar,
Nevertheless, oxypen contamination was already mentioned as ap alternative explanation for
the n-type character [47]. It was alsa not clear what gap shonld be attributed to pe-SicH.
Indeed, in the literature it can not be found that pe-Si:H has a gap of 1.12 ¢V (like ¢-Si) as has
been shown in a recent publication [48, 49].

A further reason why pc-S8i:H was not seriously studied for photovaltaic applications,
was the dissnasively long fabrication times that were required for such layers in the case of
standard deposition techniques [50-52]. Typical reported deposition rates were below | As.
This means e.g. that at a rate of 1 Afs a deposition time of more than 8 h is needed to obtain a
typical absorber thickness of 3 pm (1) Luckily, higher deposition rates can be obtained by
using newer deposition methods such as the VHF-GD technique. These depasition techniques
often not anly lead to higher deposition rates, but alsa often favour crystallisation as is shown
in chapter 1T and 1V, and one thus obtains pe-Si:H layers that are different in nature from
those obtained with the earlier deposition technigues.

The strong n-type character of as-prawn pe-Si:H can also be circumvented: a first way
of doing this is to use the so called "microdoping technique”, where small amounts of
diborane are incorporated into the film; thereby a minimum in the dark conductivity and a
maximum in the activation energy can be reached; this demonstrates the feasibility of
compensated "midgap” pc-Si:H (where the Fermi level is in the middle of the gap). In the
course of such microdoping experiments our group could further demonstrate that the use of
"midgap" compensated pc-Si:H as the absorber material in solar cells [53] is one of the
important conditions to obtain a high collection of carriers (at least if p-i-n type solar cells are
used). Thus, the key to p-i-n type solar cells with pe-Si:H as an absorber material is to
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fabricate the latter in the form of a "midgap" rhaterial. In fact, p-i-n (or n-i-p) type solar cells
which incorporated a pe-Si:H absorbing layer with a too high (slightly p-type) or a too low
(slightly n-type) microdoping level showed a significantly reduced carrier collection
capability [53]. This is in contrast to the situation observed for crystalline silicon (c-Si) wafer
based solar cells, where pn or np junctions are generally used and, where there is no need of
"midgap" intrinsic layers. In the case of pc-Si:H solar cells with a p-i-n {or n-i-p) structure the
built-in-field {(created within the intrinsic layer by the doped layers of opposite polarity) can
only be extended over the whole thickness of the intrinsic layer if the latter has a midgap
character. Slight (unintentional) doping of the intrinsic layer causes a deformation (reduction)
in the internal electric field and consequently a collapse of the carrier collection and thereby a
much lower photovoltaic performance is observed.

In the first part of this chapter we will review the "microdoping" techrique with the goal
of showing that this approach leads to reasonable results: "Microdoping” is obtained by
adding diborane in the parts per million (ppm) range into the gas phase during the deposition.
Though viable to obtain compensated material, this "microdoping” approach which is
unfortunately technologically difficult to handle is certainly not adequate for potential
industrial applications, however it indeed "opened the door” to the use of e-Si:H as a new
thin-film semiconductor PV-material. To take full advantage of ic-Si:H, it became therefore
highly desirable to find an altemative approach that is simpler to work with.

For that, we had to consider some material properties closer: In the earlier literature it
was suggested that both donor-like native defects within the layers and the rather large
content of oxygen impurities (1012 - 102! ztoms/cm3) could be responsible for the unwanted
n-type behaviour {47, 54]. (Thereby one should not exclude the possibility that the pe-Si:H
layers deposited by standard 13.56 MHz GD [47, 54], is indeed a defect-rich material with a
much higher defect densiry than our present VHF-GD layers; this could be in relation with the
much higher peak energy of ions observed at 13.56 MHz excitation frequency when
compared to the sitvation prevailing in VHF-GD [55] ). Conceptually, by microdoping one
can counterbalance both possible effects (donor-like native defects and oxygen impurities)
and it was therefore not clear which effect was actually dominating. Nevertheless, it should be
noted that the problem of oxygen being a donor-like impurity is a well known effect in ¢-Si
and has been extensively studied in the context of wafer proeessing, since not only electrical
but also mechanical properties are strongly affected and dependent on oxygen contamination.
Thus, a short literature review on this effect will be given for the purpose of comparison.

The first important question is, can we reduce the large amount of oxygen detected in
as-grown ptc-Si:H films? And further, is there a way to distinguish between native defects and
electrically active contaminants? As shown for the first time in this thesis, we will
demonstrate that oxygen cottamination is indeed mainly responsible for the n-type behaviour
of our pe-8izH (as deposited by VHF-GD) and that one can therefore omit microdoping if the
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oxygen content is sufficiently reduced in the deposited layers [56]. This approach of
controlling the oxygen contamination allowed us not only to successfully replace the earlier
"microdoping” technique, but has moreover a strong and beneficial impact on device
performance: One thereby obtains intrinsic layers with a low defect density and the control of
the whole deposition process is improved, Thus, thicker diodes became feasible and
substantial inprovements for entirely pic-Si:H solar ¢ells could be achieved.

In wafer-based multicrystalline silicon, where the grain boundaries are only partially (or
not at all) passivated, key issues are to obtain "pan-cake" crystallites so as to minimise the
grain boundary density along the operating direction of pn - junctions in the initial stage and
to subsequently passivate such grain-boundaries by atomic hydrogen. It is remarkable that by
such a passivation the electrical properties of these solar cells can be improved, because we
are dealing here with cells made of wafers with a typical thickness of about 400 pm. This is
only possible because atomic hydrogen, obtained €. g. by a GD-plasma of hydrogen, has 2
very high mobility within c-Si. An enhanced mobility along grain boundaries is certainty also
beneficial. The general observation for such a post-hydrogenation treatment is that it is more
effective the poorer the quality of the starting material is [57).

The high grain boundary density as present in pic-Si:H was a priori assumed to favour
carrier recombination, as occurs in poly- and multicrystalline silicon. However, deposition of
pe-Si;H under GD conditions at low temperatures allows for a very efficient grain boundary
passivation by hydrogen during the deposition process itself. Too high temperatures, ie.
temperatures of well over 500 °C (as nsed in CVD of polycrystalline 3i) will not allow the
incorporation of enough atomic hydrogen and, furthermore, hydrogen out-diffusion will also
occur. From the material point of view progress in solar cell performances was mainly
expected by approaching more and more the ideal structural case of having a single erystal
(thus the "pan-cake"-approach). Therefore, a material like jic-Si:H, with typical grain sizes of
the order of 10 to 1000 A was not believed 1o have the potential for ever becoming a
photovoltaic material, i.e. a material where photogenerated carriers can be collected before
they recombine precisely because of the very high density of grain boundaries. However, it
turned out that by using our VHF deposition method at low deposition temperatures, a very
efficient grain boundary passivation by atomic bydrogen takes place during the deposition
process itself, leading, thus, to very low defect densities. This is evidenced by an estimated
defect density of about 5 - 1015 1/cm3 as obtained from CPM - spectra, where one can
immediately see that the defect-connected absorption is indeed very low [38, 59].
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3.2. The approach of compensation by micredoping

In 1983 it was shown by Spear et al. [60] that as-grown uhdoped pc-8i:H which has a
strong n-type character can be compensated by 20 kV B-implantation foliowed by a 300°C
annealing. This annealing temperature is vnusually low for annealing defects created by
ion-implantation but it is certainly low encugh to avoid hydrogeu effusion of the specimen. In
fact, very low dark condnctivity of below 10-8 S/cm could be demonstrated by this techrigne
as shown in fig. 3. 1.

Later, this approach of low-level doping or “microdoping” as we will call it here was
followed up by the group of Lucovsky [47. 54, 61-63). First well rectifying diodes and a
relatively strong photovoltaic effect (open circuit voltage of 0.4 V) could be demonstrated by
incorporating such compensated Jc-Si:H in a p-i-n diode. The deposition technique theretiy
employed were the so-called "Remote PE-CVD” supplemented by adding small amounts of
diborane to the gas pbase and, later also, reactive magnetron sputiering where the amonnt of
incorporated boron was controlled by switching between an undoped and a boron-doped
target during deposition. Evidence for the inherent stability of pc-Si:H films against light-
soaking was also already given. Unfortunately, to the best of our knowledge no wlterior results
on incorporating such compensated layers into photovoltaic solar cells have been published.

In our group, the microdoping approach to obtain midgap pc-Si:H was investigated
within the framework of the VHF-GD depasition technique [53, 64, 65]. Higher deposition
rates and “"cleaner” deposition systems may have been responsible for the lower dark
conduetivities (10-3 - 10-3 S/cm) obtained for onr undaped and uncompensaied layers as
compared to the undoped specimens reported by Spear et al. (10°2 S/em) (see fig. 3.1.).
Further, successful implementation of compensated, i.e. microdoped pe-Si:H into a p-i-n selar
cell lead to consistently stable p-i-n solar cell conversion efficiencies of np to 4.6 % as
reported by J. Meier et al. [53]. For the first time, snch fully microcrystalline solar cells were
incorporated into a stacked pe-SiH /a-Si:H tandem solar cell structure. Thereby full
technological compatibility between the deposition technique for pc-SitH salar cell deposition
and 2-8i;H solar cell deposition was demonstrated. 9.1 % initial conversion efficiency
combined with a very high short circuit current density of 11.5 mA/em?2 have been reported
for this new type of cell [53]. However, due to process instabilities the maximum thickness of
the pc-Si:H cell was at the moment (1994) limited to about 1.6 pm.

As can be perceived from fig. 3. |. the microdoping approach of adding small amonnts
of diborane is technologically "cumbersome™: the process window i$ narrow and strongly
depends on preparation conditions and chamber history; thongh feasible, this approach is not
viable for an industrial process. As can further be seen in the same figure, the dark
conductivity of undoped samples decreases as the deposition rate increases. On the other hand
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compensation is not achieved at continvonsly lower microdoping levels as may be expected,
indicating, thus, that even if similar deposition conditions are used, different types of pe-Si:H
matcrials may result. Experimenting nnder such conditions is very time-consuming since for
every set of otherwise fixed deposition conditions one has to find again the optimum of
diborane microdoping level for compensation. Therefore it is obvious that if we want to reach
out for new deposition conditions {e.g. if we want to vary the deposition parameters so as to
be able 1o increase the deposition rate) it would be highly desirable to find another
technological approach that is technologically easier to bandle than "microdoping”.
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Fig. 3.1. Dark conductivity versus diborane doping level in various low-level doping
experiments. The open symbols are data taken from Spear et al. [60] and correspond to
ion-implantation experimenis performed afier deposition of the nndoped films. Filled
symbols commespond to pc-Si:H deposited by the VHF-GD; compensation is achieved by
the so-called "microdoping” approach, i.e. by adding small amounts of diborane to the
gas phase during deposition (Data taken from [53, 64, 65]). Different deposition
conditions (e.g. RF-frequency, applied VHF - power level) require each time a new
adjustment of the compensation point. Note also that for nndoped specimens an
enhanced deposition rate resnlts in lower dark conductivities.
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Furthermore: At this stage of our knowledge it was not yet clear whether the n - type
character of pe-8i:H was mainly due to donor - like defects or due to incorporated oxygen
impurities that both can be counterbalance by "microdoping”.

3. 3. The "intrinsic' approach

3.3.1. Dark conductivity for intrinsic monocrystalline silicon

Let us first estimate the order of magnitude of the room temperature dark conductivity
in intrinsic monocrystalline silicon so that we have a rough idea for comparison purposes. In
an intrinsic semiconducter continuous thermal agitation (thermal emission) exists, which
results in a certain number of electrons being able to overcome the forbidden gap. In a fully
intrinsic silicon crystal, electrons in the conduction band can enly come from formerly
occupied valence band levels, thus Jeaving holes behind them, which results in n = p =nj and
the intrinsic conductivity at 300 K can be calculated for c-Si according to [66], p. 45, as:

o; =ani{pg +up) 1)

thereby we will use some "ideal” values for the electron and hole mobilities (i.e. the
highest experimental Hall mobilities measured in single crystals):

- n = 1900 em2/Vsec and Hp = 495 cmZfVsec (bandgap mobilities)
as well as the following parameters
- = 1.4 * 1010 ¢m-3 (intrinsic carrier density)
-q=16*10 -19¢ {elementary charge), all data from [66],
obtaining, thus, for c-Si an intrinsic room temperature conductivity of about
ci=5-10-6S/em. (32.)
As the intrinsic carrier density nj can be expressed as (see e.g. [67]):

n; = [NoNy 8/ 2ksT (3.3)

where NC v are the effective density of states in the conduction and valence band
respectively; Eg is the bandgap, kB Bolizmann's constant (1.38 - 10 -23 JJK) and T the
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absolute temperature, we see that g depends exponentially on the gap Eg, and therefore the
latter value has to be known precisely.
The first equation (3.3.1) may be rewritten as:

B /
2
04(T)yece 78T, (3.4)

where gd(T) is the conductivity measured in the dark. Thus, if we plot measured values
of In g versus I/T we obtain a straight line and can extract the value of the gap. This holds,
however, only if other temperature dependencies (Eg, 1) are negligible or cancel out.

3.3.2. Oxygen in crystalline Si

Oxygen together with carbon are the most common unintentional impurities in c-Si [4].
Apart from their introduction through the original feedstock material, oxygen and carbon are
incorporated in the melt during crystal growth through the ambient gas and the contact with
the crucible; finished wafers reflect in their radial distribution of impurities the specifically
pulling characteristics of the crystal that were applied. Oxygen is generally present in
Czochralsky-type silicon in relative high concentrations of the order of 1018 cm-3 [4, 57, 68).

The solubility of oxygen in c-Si, that is the concentration of oxygen that is accepted in
solid solution in the host lattice is relatively high. However, precipitation occurs when the
oxygen concentration exceeds a threshold value of about 6.4 - 1017 atomsfcm3 [4]. The
solubility of oxygen in solid silicon decreases with decreasing temperatures. This means that
when a crystal contains oxygen at its maximum solubility at high temperatures {e.g. during
the Czochralsky pulling process) it becomes supersaturated when it is cooled down. The
degree of supersaturation is expressed as the ratio between the capabilities of solubility at the
higher and at the lower temperature. Phase equilibrium is reached by the precipitation of
impurity atomns that are in excess of the actual solubility. This precipitation occurs in a pbase
of different composition and structure. Thereby a strain is created in the crystal due to volume
mismatch between the precipitate and the lattice. The consequence is that these precipitates
act finally as sites for defect generation in the crystal.

In an as-grown silicon crystal, over 95 % of the oxygen atoms occupy interstitial lattice
sites [4]. The remainder polymenises into complexes such as SiO4. This configuration acts as
a donor centre and changes the resistivity of the wafer, as observed also with intentional
doping. This donor centre dissolves at annealing temperatures at 700 °C; however this
dissociation occurs at the expense of creating other defects. Several temperature ranges arc
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reported as resnlting in specific defects and complexes [69];, furthermore increased solubility
of oxygen (as well as of ca:ﬁon) is reported at higher doping levels; this fact is mentioned
here merely to illustrate the complexity of the problem of unintentional incorporation of
oxygen.

As an unintentional impurity, oxygen has, apart from the drawbacks mentioned above,
the effect of improving the mechanical strength of wafers. This is a highly desired feature
since it facilitates wafer handling and avoids wafer warpage. This effect is enhanced by
increasing the oxygen concentration np to the solubility level.

In fig. 3.2. (some) measured ionisation energies for oxygen impurity in 5i are illustrated
[4]. As can be seen, oxygen also introduces deep levels which may act as recombination
cenires. For our further work, we shall, however, mainly remember that oxygen in silicon acts
as a donor- like impurity with a level of Ec-0.16 eV.
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Fig. 3.2. Measured ionisation energies for oxygen impurities in ¢-Si [4].

3.3.3. Oxygen in pc-Si:H

In earlier publications, it was reported that as-grown pc-5i:H contains quite a lot of
oxygen [70]. For |tc-5i:H layers deposited in our group tbe reported concentration of
incorporated oxygen is 2 - 1019 (avem3) as measurcd by SIMS [20]). This is a high
contamination level for undoped layers and, therefore we have carefnlly analysed possible
oxygen contamination sources. Thereby, three different experimental conditions that have an
effect on the oxygen content in both a-8i:H and pe-Si:H layers have been identified by
U. Kroll et al. [$, 71, 72] :
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Since 1 mbar Ifs corresponds to about 60 sccm, a relatively low ontgasing rate of about
2 - 106 mbar Vs corresponds already to a flow of impurities {(especiaily of water-vapour from
the reactor walls) of about 1.2 - 104 scem. For a typical silane gas flow of abont 5 scem this
means that the outgasing rate alone corresponds to a contamination factor of roughly
20 - 40 ppm (!}. Though irrelevant for doped layers, since here the typical gas pbase doping
levels nsed are higher than 1000 ppm (e. g. for p-layers one typically nses 0.5 % diborane in
silane), such a level of oxygen contamination in the gas pbase may not be negligible wheo
dealing with intrinsic layers. Looking at fig. 3.1 we can get a feeling of the order of
magnitudes involved: Microdoping by means of adding smali traces of diborane 1o the gas
phase is performed in the ppm level, i.c. at about the same level as oxygen contamination is
observed due to outgasing. Owing to a better doping efficiency of boron as compared to the
"incorporation effictency” of oxygen, the sitnation prevailing when one tries to obtain
compensated pc-Si:H is not as "hopeless” as one may deduce from these estimations;
however, it is clear hat the ontgasing rate is indeed an important factor.

2. The feedgas purity

In our laboratory it could be identified that an important source of impurities originates
from the feedgas. By using a getier-based metallic-alloy gas purifier (SAES getters) in the gas
pipe just before the chamber, this source of contarnination conld significantly be rednced.
According to the specifications on the data sheet of the gas purifier, the guoted ontlet impnrity
levcls should be:

O less than 2 ppb (parts per billion)
H20: less than 10 ppb.

Kroll et al. [9, 71, 72] have demonstrated that both a low ountgasing rate and the use of
the gas-purifier are the necessary conditions to significantly reduce the oxygen content in
a-Si:H as well as in pe-SicH layers.

In fig. 3.3. the oxygen contamination as determined by SIMS measurements performed
on pe-Si:H layers are shown. These layers were deposited by applying the gas purifier in most
cases; however, they were deposited at different onigasing levels of the deposition reactor.
For the purpose of comparison a film deposited withont purifier but at a relatively low reactor
outgasing rate was also deposited. When applying the gas purifier, we observe that the oxygen
contamination in the layers scales with the outgasing rate of the reactor. At relatively high
outgasing levels of 6.5 - 106 mbar 1 /s the gas purifier is of no or little help, impurities from
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the chamber walls are sufficient to contaminate the layer with an oxygen concentration higher
than 3 - 1020 1/cm?. If the pc-Si:H layer is deposited without applying the gas purifier but at
a fairly low outgasing rate of below 2 - 10-6 mbar Ifs the oxygen contamination is still about
4-1019 1/cm3. Only when both a very low outgasing rate prevails and the gas purifier is
applied, a successful reduction of oxygen impurities of the layers down to values as low as
2 - 1018 1/cm3 can be achieved.

3. The deposition rate

In the case of a-8i:H, it has been shown that the incorporated oxygen content scales to
1/deposition rate [71). This leads to a model where impurities are incorporated into the layer
during growth and thereafter buried by the ongrowing layer. Because VHF-GD has the
advantage of an inherently higher deposition rate as compared to standard GD at 13.56 MHz
(for both a-Si:H and pi.c-5i:H) fewer contaminants will be incorporated.
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Fig. 3.3. Oxygen concentration in pc-Si:H layers as determined by SIMS measurements in
function of the ontgasing rate of the deposition reactor. A low outgasing rate and the use
of the gas purifier (applied to the source gas lines) are the two cenditions that have both
to be fulfilled if one wants to obtain films with low oxygen contamination. All these
layers are deposited at a dilution level of 2.5% of silane in hydrogen and at a deposition
rate of 0.9 A/s. All data points are taken from Kroll et al. [72].

The important guestion now is, to know if the reduction of the oxygen content in

pe-Si:H layers as elaborated by Kroll et al. (see fig. 3.3.) affects the electrical properties. In
order to answer this question, we measured the dark ‘conductivity as a function of temperature
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for pe-SicH layers deposited with different oxygen contamination levels. The absolute oxygen
content in the films was assessed by secondary-ion-mass spectroscopy measurements {(SIMS).

All the layers were deposited on AF 45 (sodinm-free) glass from Schott Co. at a dilution
level of 2.5 % silane into a tatal gas flow of 100 sccm of hydrogen and silane, at an effective
substrate temperaturz of 220 °C, at a power of 6 W (measured at the entrance of the
impedance matching box) and at an excitation frequency of 110 MHz. The gas pressure in the
chamber was kept at 0.4 mbar. Under these conditions the film growth rate was 1.55 A/s. The
dark conductivity was measured with thermally evaporated Al contacts in a coplanar
configuration,

Fig. 3.4. shows, on the lefi side, the Arrhenius plat of the dark conductivity of three
uc-Si:H layers, and on the right side their corresponding values of oxygen coatent, as
measured by SIMS. The layer depasited withont the gas purifier shows quite a high room
temperature conductivity, in the range 1074 10 10-3 S/em with a very little temperature
dependence. This is an indication of a small activation energy and thus of a doped character.
The oxygen content of this as-grown "unpurified” layer is about 2.2 - 1020 atomsfem3,

A deposition under the same conditions but with the purifying technique described
above leads to a successful rednction of the oxygen content down to 2.5 - 1018 aoms/cm3.
Electrically the effect is drastic as can be seen in the same fignre: by reducing the axygen
conlent by two orders of magnitude, dark conductivity values at room lemperature as low as
2-10-7 Stcm are achievable. These fow values are similar to those obtained by the
compensation technique based on "micradoping”. For comparison, we bave plotted in the
same fig. 3.3 the conductivity measurement for a compensated micradoped layer (open
symbols). This layer was deposited in an equivalent reactor under the same deposition
conditions [65). The activation energy of this compensated microdoped layer is equal to abont
the half of the optical gap of pc—Si:H (by modelling the true absorption of pc-Si:H, it has
recently been shown that the gap is equal to that of ¢-5i, i.e. 1.12 eV [48, 49]).

To demonstrate further the effect of the oxygen impurity we deliberately contaminated a
pc-S8i:H layer during the deposition process. Through a needle valve we simulated an air leak
into the reactar, Just before causing the air leak, the ontgasing rate was 1.1 - 106 mbar Vs and
with the controlled leak it then rosc npto 1 - 10-3 mbar I/s. The resulis are giveu in fig. 3.4:
one sees once again that the resulting oxygen conteat (4 - 1019 atoms/em3) correlates with the
room temperature value of the dark conductivity. This further experiment evidently
demonstrates that the gas purifier is of no or little help if the outgasing rate of the reactor is
not low enough.
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Fig. 3.4. On the left (dots): Arrhenius plots of the datk conductivity (measured in a coplanar
configuration} for three pc-Si:H films deposited by VHF-GD with varying oxygen
levels, obtained by the use of different purifierfoutgasing cooditions. On tbe nigbt
(squares): corresponding values of oxygen content (measured by SIMS). For purposes
of comparison, data of a compensated "microdoped” at 3 ppm of diborane layer (open
circles) deposited in an equivalent reactor under the same deposition conditions, but
without a feedgas purifier, is added [65].

N

3. 4. Impact of the purifier technique on sola{' cells

The most challenging question with respect to the purifier approach is however, how
will such purified pc-5i:H layers perform in the actual device? Will th!cy perform better than
layers obtained with the earlier "microdoping” approach or will they allow only for a
mediocre performance in the finished solar cell due e.g. to diffusioﬁ of dopants from the
contact layers into the intrinsic layer? It was therefore mandatory to implement such intrinsic

33

T



pe-Si:H layers grown under the same conditions into fully pc-Si:H p-i-n diodes and
characterise their photovoltaic performance.

The cells were grown on SnO2-coated glass (Asahi type U, with textured surface). Back
contacts for the cells werc made in-house and consist of highly textured ZnO [73, 74] and Ag.
The n- and p-type doped layers used in the p-i-n cell were the same as those described in
previous work [18, 20], where a full optimisation of such doped layers was carried out.

Fig. 3.5. shows the spectral response (SR) of entirely p-i-o pc-5i-H solar cells with the
i-layers (thickness 2.8 pm) prepared under exactly the same conditions as for the layers
studied above (in section 3.3), one with and one without using the feedgas purifier. In
previous microdoping studies [53] where one had incorporaied midgap pc-Si:H into p-i-n
solar cells it had already been sbown that the exact properties (i.e. the Fermi level position) of
the i-layer have indeed a strong influence on the performance and particularly on the SR of
the pe-8i:H solar cell device [53]. It has been shown, that only a small offset in the intrinsic
layer from the compensation level, i.e. only a small offset of the Fermi level from midgap is
sufficient to strongly reduce the carrier collection in the resulting p-i-n solar cell. As can be
seen in fig. 3.5, reduction in the oxygen content of the intrinsic layer obtained by applying the
gas purifier is remarkable and leads indeed to a substantial eohancement of the SR. The
spectral response of the cell deposited without purifier is mainly reduced in the long
wavelength region. This indicates that the i-layer is contaminated and has a n-type character:
The electrical field is mainly present at the front of the cell, i.e. we are dealing bere with a
ptnnt structure and not with a p-i-n structure.

In comparison with the delicate compensation technique where the device thickness had
o be limited to 1.6 um if one wanted to obtain solar cells with reasonable conversion
efficiency (up to 4.6 %), now even thicker devices (here: 2.8 um) which still allow to separate
and collect the photogenerated carriers could be suceessfully prepared. This may be due both
to the reduction in contamination level as well as ta a better control of the deposition process.
In fig. 3.5. it can be seen that applying the gas purifier results in a substantial increase of the
spectral response (gain of photocurrent of about 2}, leading to a cell conversion efficiency of
5.3 %.

Note that the device described here was the first pe-Si:H solar cell which was prepared
with a reduced oxygen contamination thanks to the purifier approach. In the meantime
conversion efficiencies have progressed by better process optimisation (e.g. interfaces) and
now the usual device thickness in our laboratory is around 3.5 um.

Degradation experiments on this pc-Si:H solar cell support our earlier claim that
pe-Si:H can be considered as a photovoltaically stable material: Exposure to a high-pressure
sodium lamp at about R suns intensity, for a time period of 264 h and at a temperature of
50 "C did not show any light-induced degradation effect, as represented in fig. 3.6.
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Fig. 3.5. Comparison of the spectral response (at zero bias voltage) of two entirely pc-Si:H
cells: One produced with and one withont a feedgas purifier. The thickness of both cells
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Fig. 3.6. Spectral response of a 2.8 pm thick fully pe-Si:H solar cell produced with the
feedgas purifier before and after light soaking (high pressure sodium lamp with an
intensity equivalent to 8 sun during 264 h at 50 °C).
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3. 5. Conclusions

In conclusion, we have shown that a reduction in oxygen impurities acting as unwanted
donor states leads to a strongly improved "photovoltaic quality” of the active thin-film silicon
material, i.e. intrinsic pc-Si:H layer, as used in the p-i-n cell. One can speculate that such
He-SizH films with low oxygen content may also improve the performance of microcrystalling
silicon thin-film transistors. The reduction of oxygen contamination ¢an be achieved by
simultaneously controlling the ontgasing rate of the reactor and applying a feedgas purifier.
An increased deposition rate (as favoured by the VHF-GD) also leads to a lower incorporation
of impurities when compared with low-growth rate deposition processes. With the help of this
purifier technigue it is easier to search for new deposition conditions (e.g. for a further
increase in the deposition rate) since there is no more need for readjusting the compensation
level, as was previously the case with the microdoping approach. |

The purifier technique results in a substantially enhanced device perfermance ie. in
higher solar cell efficiencies than the earlier microdoping approach (3.3 % for the first cell
produced with the purifier approach instead of 4.6 % for the best cell produced with the
microdoping approach). In the same year after introducing this purifier approach, a
single-junction p-i-n cell with 7.7 % conversion efficiency conld be realised with this
technique; this cell had a thickness of 3.6 um [65]. We have thus snccessfully replaced the
earlier microdoping approach by the purifier approach. Within our VHF-GD process,
conversion cell efficiencies have now almost doubled since introducing the purifier approach:
In the latest publications, 8.5 % single junction and stable 12 % micromorph conversion
efficicncy have been reported [75, 76).
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IV. INCREASING THE DEPOSITION
RATE OF pc-Si:H

4.1. Introduction

4.1.1 Motivation

Up to naw doped pe-8i:H layers have mainly been used as window layers for solar cells
or as contact layers in TFT's at a very Jow thickness of only 100 - 200 A [14]. For such
applications, typical deposition rates of about 1 A/s were not at all a problem. However, in
our case, as we want to use undoped pe-SitH as an absorber material for the sunlight the
situation is different; in order to absorb enough sunlight, the required pe-8i:H layer thickness
is about 3.5 pm [65, 75] and consequently the low deposition rate of pc-Si:H becomes a
major concem.

This fact is illustrated in fig. 4.1. where the time required to obtain a layer thickness of
3.5 um is given for different deposition rates. Note that these are net deposition times. One
can see that the deposition of the active intrinsic layer lasts about 10 h if a usual deposition
rate of 1 Ass is employed. A much more reasonable deposition time (for laboratory work)
would be about 2 h (allowing 1 - 2 layers or cells per day)} which could be achieved with a
deposition rate of about 5 Ass. However, a further increase to at least 10 Afs with a significant
decrease of the reactor occupation time weuld be necessary to render the process attractive for
an industrial implementation.

Currently, investigations to reduce the necessary absorbing layer thickness to about
1 um by nsing light trapping schemes are also under way. However, even there, bigher
deposition rates than the usual 1-2A/s are necessary to obtain a sufficient throughput. In the
middle of interest are reduced absorber layer thickness (= 1 um) and simultaneously high
deposition rates (> 10 Als) as the global target for PV-devices is cost reduction. In this
context, the VHF-GD technique has already proven its effectiveness in achieving a high
deposition rate of device grade a-Si:H [5, 8, 9].

High deposition rates and pc-Si:H prowth conditions are a priori not necessarily
contradictory. In fact, it has been shown using bot-wire CVD, that very high deposition rates
aver 40 A/s for thin film silicon (uc-Si:H / poly-Si) are feasible [77, 78). However, such fast
hot-wire CVD pe-8i:H material is up to now difficult to be incorporated into selar cells. Very
first results on cells containing such thin film silicon layers showed 3 % conversion efficiency
for the hot wire lechnique at a deposition rate of 5 AJs [79).
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Fig. 4.1. Deposition time required for an intrinsic pc-Si:H layer of 3.5 um (today’s thickness
of a puc-Si:H solar cell) and 1 pm thickness for different deposition rates.

The results shown in chapter 2 about high quality p-type pe-Si:H deposited at higher
rf-frequency and also higher deposition rates motivated us to further invesugate in this
direction since the found larger parameter space indicates that there is still margin for
improving the deposition rate.

Further, the purifier approach available now allows a direct implementation of the
undoped layers into solar cells.

4.1.2 Experimental approach

The growth of pe-Si:H is usually achieved at high dilution levels. This is one of the
reasons why generally only low deposition rates are obtained. Owing to hydrogen-dilution of
silane, low flows of silane may not allow (o create a high density of precursars, The best
iMlustration for this argument s given by the hot-wire CVD, where the pyrolitic decomposition
of the source gas (also hydrogen-diluted silane) results in a very high radical creation and thus
indeed gives rise to very high deposition rates. E.g. it has been shown, that a deposition rate
of 37.1 Ass [77] can be achieved with the hot-wire CVD technique with a flow of silane of
only 2 scem. To the best of our knowledge, in the case of PECVD, such a low flow of silane
has never resulted in a deposition rate exceeding about 2 Afs! Thus, the low silane flow due to
dilution is indeed a major reason for low deposition rates, but, in addition, the little available
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silane is poorly decomposed into precursors which further contributes to slow growth.
Furthermore, the slowly growing layer is partially etched by the hydrogen rich plasma and it
cannot be avoided that some of the VHF-power is consnmed for the H? dissociation.

We therefore have basically two possibilities which may allow us to speed vp pe-Si:H
growth: first, increasing the silane concentration of the source gas (that means less dilution)
and second, increase of the decomposition rate of silane into precursors (e.g. by increasing the
power fed into the plasma). As will be shown in the following sections, we successfully
followed up both directions.

In a first series we will show that an increase of the silane concentration of the source
gas (less diluted) resnlts indeed in an increased deposition rate. However, this approach is
limited since we obtain a-Si*H when the dilntion is not high encugh. Furthermore, depending
on the deposition conditions (e.g. excitation frequency, total gas flow, etc.), the dilution level
where the morphological phase transition occurs changes and this approach is limited to
deposition rates below about 3 Ass.

Then we fix the dilntion level and vary the applied VHF-power. Thereby we found, that
deposition condittons at higher silane concentration (less dilution) can be maintained in the
pe-8i:H growth regime, provided that the applied VHF-power level is high enough. By this
approach high quality pc-Si:H materials with deposition rates in excess of 10 A/s conld be
achieved. First incorporation of this material into single-junction n-i-p devices showed e.g.
5.2 % conversion efficiency at a deposition rate of 10.9 A/s. To the best of our knowledge,
this is the highest deposition rate reported to the date of writing of this report for a pe-Si:H
absorber material in a solar cell.

Although we were able to demonstrate that the VHF-GD deposition technique has
indeed the unexploited potential for high depositions rates of device grade pe-Si:H, the guest
for the most optimal deposition condition is a complex and very time consuming work. In
fact, the possible parameter space given by the process parameters such as excitation
frequency, dilution level, total gas flow, temperature, VHF-power, substrate temperature, etc.
is enormous. Furthermore, the process parameters nsually do not change in a linearly
dependent way. A systematic elaboration of the whole parameter matrix by depositing and
analysing a large number of layers is, thus, a rather questionable approach. It wonld be more
adequate and efficient to dispose of a plasma monitoring tool that allows to predict - in a
certain extent - the potential deposition rate as well as the morphology of the ongrowing layer.
To this end we used optical emission spectroscopy (OES) for plasma monitoring, since once
calibrated for one particular set-up, it may elucidate in which parameter range pc-Si:H or
a-§i:H growth ocenrs. Such OES measurements were done for two series, where process
parameters were scanned that were known beforehand to show a morphological transition
from a-Si:H to pec-Si:H growth.
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4.1.3. Layers characterisation techniques

The individnal pic-Si:H layers were basically characterised by X-ray and IR-absorption
to determine their microstructure.

We checked the crystallinity of the materials by performing X-ray diffraction
measurements on layers deposited on glass. We will call our material pe-Si:H silicon as soon
as diffraction peaks are observable in onr set-up. By comparing the intensity distribution of
diffraction peaks with that of randomly oriented silicon powder sample, we can also
determinc the texture, that is whether a preferential orientation of the crystallites with respect
to the sample normal plane exists. To get insight in the bonding structure and bonding
environment of hydrogen, we performed IR-absorption measurements. With this method it is
also possible to determine the total bounded hydrogen content in the layers.

Further, the optical absorption was measured. In earlier studies it bas been shown, that
ue-Si:H can have an enhanced apparent absorption in the visible and near IR light compared
to crystalline silicon [58]. This fact is very important for solar cell fabrication, since the
overall enhancement of the absorption coefficient allows one to make considerably thinner
cells which still absorb the same quantity of light.

On the other hand, the measnrement and interpretation of electrical properties of
uc-5i:H is not straightforward as the structure of pc-Si:H is heterogeneons (amorphous and
crystalline phase, anisotropy). Furthermore, the characterisation technigues known from
a-Si:H cannot be applied directly to pe-Si:H and are still under investigation [59, 80-£4].

Also, pe-5i:H layers often suffer from strang postoxidation [B5]. As a coosequence, the
electrical properties (i.e. 6d} change with time on a month time scale. This fact renders the
electrical characterisation of pe-Si:H layers even more difficult and questionable at this level.

On the other hand, in a recent experiment we have shown [75] that althongh the dark
conductivity in a "state of the art” uc-Si:H layer increased by 3 orders of magnitnde due to
postoxidation, the conversion cfficiency of the cell incorporating this same layer remained
constant. This result proves that posioxidation affects pc-Si:H layers, but oot pc-Si:H based
solar cells as can clearly be seen in fig. 4.2. The cell design seems to protect the incorporated
intrinsic layer from postoxidation; we assume that this due to the doped contact layer. In fact,
the cells were exposed to air for more than 1 year before metallisation and did not show any
change at all w.r.L. any cell parameters, notably the red spectral response. An indifussion of
oxygen from the back side would have affected mainly the light that is absorbed in the back,
that is the red spectral response.

These arc the reasons why we will not discuss the electrical properties of individual
layers destined for solar cell applications. However, this issue is followed up and addressed in
detail elsewhere [86). In this work we made the choice to incorporate ounr varions layers
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directly into solar cells and assess the device characteristics under a solar light simulator
together with spectral response measurement.
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Fig. 4.2. Whereas the dark conductivity of a pc-Si:H layer increases in time due to
postexidation, 8 stable behaviour of the conversion efficiency of a solar cell
incorporating this same layer is observed [75].

X-ray diffraction spectra

All the X-ray measurements presented in this thesis were done at the Physics Institute of
the University of Konstanz by Dr. J. Kéhler and Dr. U. Mallang. They were done using a
commercial Siemens D501 X-ray powder diffractometer by performing 6 - 26 scans. Under
these experimental conditions, only those planes parallcl to the sample surface and satisfying
the Bragg condition will contribute to constructive interferences in the direction of reflection,
i.e. towards the X-ray counter. An accelerating voltage of 40 keV at 30 mA is used to produce
Cu-K radiation having a wavelength of 1.5406 A. Specimens having a size of about 4 em?2
are fixed on the sample holder, which is rotated around himself during measurements. The
diffracted rays are recorded for 28 angles ranging from 10 - 80°.

As soon as crystalline diffraction peaks are appearing the crystalline fraction is higher
than 40 % for our samples as shown by deconvolution of Raman-spectra {87].
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IR-absorption

The 1R-absotption measurements between 4000 and 400 cm-! wavenumbers were
performed with a Perkin-Elmer Fourier IR (FTIR) spectrometer 1720 X on films deposited on
<100> Si wafers. From the IR transmission spectra referenced to a plain $i wafer, the
absorption coefficient was calculated according to the procedure described in literature [88-
91]. Special care was taken to ensure that the substrate and the reference wafer were from an
identical batch to match them perfectly and aveid, thus, a contribution from the substrate ¢-Si
phanon at 615 cm-l. The bounded hydrogen content CH was obtained by numerical
integration of the Si-H rocking-wagging mode at 640 cm-l. The complete procedure can be
expressed by the following cquations:

C,y(at. %) = f 2y, Aw v 2V, @.1)
Ng , v Ngo. Vv

riw

whbere o(V) is the absorption coefficient of the film at the wavenumber v, vg/w stands
for the rocking-wagging bands around 640 em-1, Ay =1.6 - 1019 cm2 is the proportionality
constant, and Ngj = 5 - 1022 em=3 js the atomic density of pure silicon. In a recent publication
it has been shown that the Aw proportionality constant is the same for a-Si:H and
pe-SizH [91]. The accuracy of the results are about 15 % of the hydrogen content.

Typical fingerprint patterns at 640, 40, 880, 2000 and 2050 cm-! are associated to H
bonding structure in a-Si:H [89, 92]. Simultanecusly with the apparition of Si diffraction
peaks in the x-ray spectra, new and narrower peaks around 626, 900 and 2101 ¢m! arise and
progressively replace those of a-Si:H. The latter observation is a clear indication for changes
in the hydrogen bonding nature and in the bonding environment. By comparison with the
results presented elsewhere {92-95] all these vibration modes as observed for pc-Si:H {i.c. the
rocking-wagging, bending and particularly the different stretching modes around 2100 cm~1)
can be assigned to mone andfor dihydride bonds on (100) and (111} surfaces of silicon
crystallites.

Optical ahsorpti

The typical absorption spectra of different silicon-based materials are represented for
comparison in fig. 4.3. The absorption spectra of ¢-8i [96] shows a parabolic shape related 10
the indirect nature of the fundamental optical gap at 1.12 eV. The multicrystalline material
(p-type wafer with grain sizcs ~ 5 mm) basically has the same absorption behaviour as ¢-8i,
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but a detrimental amount of defects appear in the gap due to unpassivated grain boundaries.
Contrary to this, the optical gap of a-8i:H is enlarged to around 1.7 eV (Tauc gap) due to the
disorder in this material. Its absorption in the region of visible light is strongly enhanced
compared to the other materials as the k-selection rule (contribution of a phonon to the
absorption process) is relaxed.

The shape of the absorption spectra of a typical high-quality pc-Si:H layer deposited by
VHF-GD, in its tum, follows the shape of ¢-8i over a wide range of energy, but is shifted to
lower energies and higher absorption values. Both, the enhancement and the shift of tbe
absorption edge are important advantages for the application of pc-Si:H material in solar
cells. In fact, the shift of the absorption edge makes it possible to absorb infrared light of even
lower energies, and, furthermore, the overall enhancement of the absorption coefficient allows
one to make constderably thinner ceils which still absorb the same quantity of light.
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Fig. 4.3. Absorption coefficient of VHF-GD pc-8i:H compared to ¢-Si [96], a-Si:H and a
p-type poly-silicon wafer. The absorption of pc-5i:H has almost the same shape as c-8i,
but is shifted 10 higher values and the apparent bandgap curve is shifted to lower
energies (red shift).

The reasons for this absorption behaviour can be manifold as discussed in detail in [58).
However, it has been recently shown [49] that for our pe-Si:H deposited by the VHF-GD the
prevailing mechanism responsible for the enhanced optical absorption (compared to ¢-5i) is
surface and volume scattering due to the rongh surface and the heterogeneity of pe-Si:H. We
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will call this enhanced absorption "apparent optical absorption®, this is the absorption that
is actually retevant for our solar cells.

The defect-connected absorption in device grade pe-Si:H produced by the VHF-GD
(see fig. 4.3.) can be very low (@ = | em! a1 0.8 eV) and snggests an efficient passivation of
the grain boundary defects by hydrogen.

The methods used for the optical absorption measurements are the constant photocurrent
method (CPM) and photothermal deflection spectroscopy (PDS) calibrated with T/R
measurements. CPM-spectra shown in this work were all performed in close collaboration
with the group of Dr. M. Vanecek at the Physical Institute of the Academy of Sciences of the
Czech Republic in Prague.

erisat

Solar cells have been measured under a two-sonrce solar simnlator (Wacom WXS-
1405-10) to extract from the current-tension characteristics the open cirenit voltage (Vo) and
the fill factor (FF). To get a precise measurement of the short circuit corrent density (jgc), the
spectral response of the solar cells was evaluated and then convoluted with the standard solar
spectrum {spectral distribntion corresponding 0 AM 1.5 and a fixed irradiance of
100 mW/cm2). This procednre ailows a reliable calcnlation of the solar cell conversion

cfficiency.
4.1.4. Solar Cell Structure

Conceptually, cells deposited in the p-i-n sequence are limited to transparent substrates
like glass or some (rare!) highly {ransparent and temperature resistant polymers, as the light
always enters the cell through the snhstrate in this configuration. To be abie o nse & wider
choice of substrates, including opaque metal sheets with capability for a roll-to-rotl deposition
process, the inverse n-i-p deposition order has to be applied. In this case, the light enters the
cell from the “top" side, i.e. the side opposite 10 the substrate.

Furthermore, the n-i-p structure shows an additional advantage. The front p-layer of a
solar cell is manufactured as thin as possible, since highly doped layers arc photovoltaically
inactive (dead layers). In fact, this p-layer is empirically adjusted to be just thick enongh to
build up the field within the cell. Technologically a careful optimisation of this layer together
with the successive intrinsic layer and their intcrfaces is necessary, this means that for a given
intrinsic layer the corresponding optimum window layer has to be found. Further, a partiat
etching of underlying laycrs in the case of depositing an i-layer is known. Thus, this situation
would have been difficnlt to control and comparison for a wide scan of i-layers implementing
into devices delicate.



Therefore, we used for our study only n-i-p structures as shown in fig. 4.4. The n-i-p
cells were deposited on Sn0?7 coated glass from Asahi company (type U).

A white sheet of paper was simply used as a back reflector, whilst doing current-tension
(I-V) and spectral response characterisations. This "test" configuration certainly does not lead
to devices with the highest efficiencies, but it does allaw for a fast and realistic probe of the
layer quality. Furthermore, a transfer on opaque substrates, such as aluminium, stainless steel,
etc. is relatively straightforward as we demonstrated in [97, 98]).

The cells were terminated by an ITO contact sputtered through a mask of 3 mm
diameter. To minimise the lateral collection of the cells, the cells were then mechanicaily
scratched as close as possible to the ITO contact.

light
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Fig. 4.5. n-j-p stmucture used for the pe-Si'H solar cells.
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4. 2. Dilntion controlled morphology

The first straight approach to increase the deposition rate is to provide more fresh silane
gas, that is to use a lower dilution. To this end, in a series of samples we systematically
increased the silane gas flow ratio from 1.25 % up to 7.5 %, keeping all the other deposition
parameters constant (excitation frequency of 110 MHz, low VHF-power input of 6 W, process
pressure of (.4 mbar, effective substrate temperature of 230410 °C with a total gas flow of
100 scem). The resulting deposition rate is plotted in fig. 4.5. As expected, a significant
enhancement of the deposition rate with increasing silane concentration is observed.
However, it is known that pc-Si:H growth usually requires a high dilution of silane with
hydrogen and one may therefore expect that the variation of the silane concentration by a
factor of 6 will also lead to significant structural changes in the deposited material.
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Fig. 4.5. Deposition Rate in function of the silane gas phase ratio.

We therefore examined all the layers of this series by X-ray and by IR-absorption
measurements. Both measurements clearly show that the layer deposited with a stiane gas
phase ratio of 7.5 % is amorphous as no X-ray diffraction peaks are observed (see fig. 4.6.)
and only the hydrogen bonding configuration tygical for 2-Si:H (640, 840, 880, 2000 and
2090 cm- 1) is visible in the TR absorption spectra (fig. 4.8.). However, all the other layers
produced with lower silane concentrations exhibit X-ray peaks, fingerprints of a crystalline
phase in the material. Furthermore, whereas in a randomly oriented crystalline silicon powder
sample the intensity of the (220) peak is about 55 % of the (111) peak, in all our pc-Si:H
samples the (220) peak clearly prevails, indicating, thus, a preferential growth along the [110]
direction. As can be seen in fig. 4.7, the texture is decreased by increasing the dilution. This is
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evidenced by the ratio of the (111) and (220) peaks which decreases towards the ratio found
in silicon powder diffraction pattern.
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Fig. 4.6. X-Ray diffraction spectra of the dilution series. They reveal a preferential growth
along the [110] axis. The layer at a silane concentration level of 7.5 % is amorphons: it
shows no crystalline diffraction peak. In fact, because of the evaluation procedure, there
is no signal associated to &-Si:H either.
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Fig. 4.7. Texture as defined as the intensity ratio of I{220) / 1(111). Ali samples show a clear
preferential growth along the [110] axis when compared to the silicon powder sample,
where the intensity ratio of I{220) / I{111) is 55 %. Lower silane concentrations (higher
ditution) hampers the preferential growth.

Fig. 4.8. shows the IR-absorption spectra. One can clearly see @ continnons change of
the absorption peaks. The sample prepared at a dilution of 7.5 % retains the fingerprint
patterns at 640, 840, 880, 2000 and 2090 cm-! pertaining to a H bonding structure
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characteristic of a-5i:H layers. For silane concentrations Jower than 7.5 % narrower peaks
around 626, 900 and 2101 em-l arise. Hence TR measyrements are as sensitive as X-ray
measurements to detect the presence of crystalline phase in our films: the observation of the
vibration mode around 2100 cm-! can be taken as the indication of the crystalline phase.
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Fig. 4.8. IR - absorption spectra of layers prepared at different silane gas flow ratios as
indicated in the figure. The highlighted vibration modes can be assigned to mono/for
dihydride bonds on (300) and (111) surfaces of silicon crystallites. The peak at
2100 em-! occurs simultaneously with the diffraction peaks io the 6-20 X-ray
measurement.

The apparent optical absorption of the diffesent Jayers given in fig. 4.9. are in guite good
agreement with the material structure (see fig. 4.6.). Again, one can see the transition from an
amorphous like spectra to a crystalline like spectra [99), For the pc-Si:H materials, the
measured apparent optical absorption steadily increases with dilntion due to a transition from
a mixed phase material (5 % sample) to a pc-Si:H material with a high crystalline volume
fractioo (2.5 and 1.25 %). However, as for the 5 % dilution mixed phase material one of the
basic conditions for CPM is not fulfilled [59] and furthermore scattering related enhancement
of the optical absorption is observed, an ulterior interpretation at this level is not possible.
Unfortunately, the only layer that exhibits the desired enhanced optical absorption is the one
deposited with 1.25 % at the lowest deposition rate of only 0.55 Ass. In addition this same
layer shows also the highest defect connected absorption.
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Fig. 49. CPM shows that by increasing the silane partial pressure the optical properties
change substantially. With reducing the silane partial pressure the measured apparent
optical absorption is steadily enhanced [99].

As a conclusion, although reducing the dilution is favourable for erhancing the

deposition rate, the optical and structural properties of the obtained materials do not fulfil our
requirements. Therefore, this approach will not be used further.
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4.3. VHF-Power Series of yic-Si:H material

4.3.1 Lower ion impact energy due to higher frequencies

Applying higher plasma power levels to increase the deposition rate of pc-8i:H has
usually been avoided in the past, since it was argued, that too high power levels may induce
too many defects on the ongrowing layer due to ion bombardment. The ion bombardment is
due to positive ions impinging on the growing layer. These positive ions gain their impact
energy crossing the sheath potential: as soon as they get close to the edge of the sheath, they
experience an accelerating voltage towards the subsirate,

The sheath potential, in its wrm, is estimatively accessible by measuring the peak to
peak voliage (Vpp) on tbe powered VHF-electrode (in our reactor configuration with
symmetrical electrodes and grounded substrate electrode the self bias is negligible and does
not contribute to the sheath poteatial). By using the capacitance sheath approximation it has
been shown, that the time averaged sheath potential equals Vpp/4 resulting in a maximum ion
energy at the substrate surface of qVpp/4 [100].

By increasing the excitation frequency, the sheath thickness is reduced [9]. This leads to
a reduced sheath potential and thus to a lower ion impact energy. In fact, it has been shown,
that an increase of the rf-excitation frequency from the standard 13.56 MHz to the VHF
frequency of 70 MHz results (for a fixed effective plasma power of Peff = 5 W) in always
lower Vpp - values and thus to a lower ion impact encrgy [6]. This result explains why under
VHF-conditions (70 MHz), it was possible to enhance deposition rates of.a-Si:H while
maintaining a defect density comparable with that of standard material deposited at en
excitation frequency of 13.56 MHz.

This important result motivated us 1o measure in our own deposition reactor the Vpp -
values for a set of frequencies and plasma-power values, also because slight changes on the
reactors electrodes had been made. Vpp measurements were performed on the powered
electrode with a low capacitive passive probe. First, Vpp values outside of the vacuum vessel
were measured (as close as possible to the powered electrode) to calibrate thereby Vpp values
as measured directly on the electrode-plate. Then, we measured for 70, 100 and 130 MHz the
injected VHF-power (by adjusting the impedance matching capacitances in order to minimise
the reflected power) with and withont plasma and the corresponding Vpp-values. For a fixed
Vpp - level, the (effective) plasma power is equal to the total applied power (with plasma)
minus the vacuum power {lost in the network). This is shown in Fig 4.10a. for 70, 100 and
130 MHz. From this graphs we can thus also extract for the effective plasma power the
comresponding Vpp value. As a ptasma we used conditions known to resalt in pc-Si:H growth,
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i.e. a hydrogen-diluted silane plasma (3 % of silane in hydrogen and 0.4 mbar process
pressure).

130 MH:z
12 10" 1.3 10° T r—T"T
- 1z 10* b 3
. 1ot 1.1 50t F o 1
2 110t F .
-,
'\.-a 6 10 9 103 - o -}
>g:. 10 B 1¢° | ° 1
110 70 F ° T
610 |foof -
o eeden bl
010 %0 0T 36 S 106930 30
P{W) P(W) P(W)

Fig. 4.10a. Evaluation of the effective power counpled to the plasma (Peff) by graphically
substracting the network losses (Ploss; full dots) from the total applied power (Pappl,;
open circles). The measurements were done for 70, 100 and 130 MHz.

It was reported by A.A. Howling et al. [6], that the Vpp - values actually already reach a
very low value at 70 MHz. This is consistent with our measurements as sbown in fig. 4.10b,
where for very low effective plasma powers we see that the corresponding Vpp-values
converge and that a further increase of excitation frequency beyond 70 MHz does not
significantly contribute to a substantial decrease of Vpp.

However, as also shown in fig. 4.10b, the situation changes, when always higher
effective plasma powers are applied. We observe e.g. that for an effective plasma power of
15 W, an increase of the excitation frequency from 70 MHz up to 130 MHz is simultaneously
accompanied by significant reduction of Vpp from about 300 V down to 100 V. This means
that the ion impact energy at the substrate is acceptably low even at high effective plasma
power levels, if the excitation frequency is high enough. This result is also consistent with the
measured lower peak ion energies (together with a higher flux of precursors) for always
higher excitation frequencies as shown by M. Heintze [7] and confirms the "soft” nature of
the VHF-plasma.
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Fig. 4.10b. Measnred peak to peak voltage (Vpp) in function of the effective power
coupled to the plasma (by applying the substratctive method [10]).

In conclusion, the significantly lower Vpp-valnes even under high VHF-power levels at
an excitation frequency of 130 MHz motivated us to try a "power” approach for increasing the
deposition rate of pe-Si:H.

4.3.2. VHF -power series of pc-Si:H

Basically, we took np the layer from the dilution series shawn in the previouns section at
5% dilution. In a first step we tried to "fine tune" this layer before increasing, in a second step
the applied VHF-power np ta 30 W. This 5§ % dilution layer was deposited with the highest
silane concentration (highest deposition rate) that still has clear X-ray diffraction peaks.
However this same layer has been shown to contain a non negligible fraction of amorphous
phase. To enhance the crystallinity of this matedial we took some "technical measures” that
are known o improve crystalline growth:

The process pressure has been increased from 0.4 mbar to 0.8 mbar to maintain the
plasma confined between the clectrodes at the higher power levels investigated here [97].
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Additionally, it has beer reported by M. Heintze et al. [22] that increasing the process
pressure results in a better crystatlisation,

An increase of the excitation frequency from 110 MHz to 130 MHz not only reduces the
ion impact energy {see fig. 4.10.) but also facilitates the pc-Si:H growth together with higher
deposition rates as has beeti shown by P. Hapke et ai. [19, 101]. The same authors even
demonstrated that a morphological transition from a-5i:H to fic-Si:H can be achieved by an
increase of the excitation frequency with otherwise fixed deposition parameters.

As shown in fig. 4.11. the lowest possible VHF-power that can be applied under these
new and improved deposition conditions that still results in a homogeneous filling by the
plasma of the interelectrode space is limited to about 9 W. For this power level we already
observe an increase of the deposition rate to 3.2 Afs as compared to the 5 % dilution layer
from the dilution series (2.4 A/s) described in the previons section, A further systematic
increase of the VHF-power leads to an almost linear increase of the deposition rate of
approximately 0.2 A/W up 10 6.9 A/s for 30 W,
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Fig. 4.11. Deposition rate in function of the applied VHF-power at 5 % dilution.

Let us first have a look at the optical properties of these layers as shown in fig. 4.12.
Contrary te the very unsatisfying optical absorption properties of the materials obtained in the
dilution series (see fig. 4.9.) the apparent optical absorption of all the investigated layers of
the present power series all fulfil the requirement of enhanced apparent optical absorption. On
one side they all clearly exhibit the desired enhanced apparent optical absorption as compared
to ¢-5i in the region of visible and near IR light. Furthermore, the defect connected absorption
is very low for all the layers. However, comparing the measured apparent absorption with the
“scattering-free” true absorption evaluated therefrom [49] one realises that the influence of
scattering becomes more and more important at always lower photon energies (IR) and cleasly
dorminates in the region of defect connected absorption (around 0.8 V). Therefore, the defect
densities that can be associated to the defect connected absorption represent the uppermost
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possible defect density. When we apply the evaluation procedure for the defect density from
a propased by W.B. Jackson et al. [102], we dednce for the 30 W sample with the highest
apparent defect-cannected absorption (of = 2em ] at 0.8 eV) a defect density of abaut
111018 ¢m-3. Taking into account the important enhancement of the apparent aptical
absarption by scattering effects, the true defect density in the 30 W and all the ather layers is
clearly below this valne.
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Fig. 4.12. Apparent optical absorption measured by CPM for the § % dilution power series.

In agreement with the optical absorption measurements, the X-ray measurements of this
power series clearly show that all layers are pc-SicH (see fig. 4.13.). Furthermore, all the
samples have the same diffraction patterns: again, the (220} diffraction peak is dominating
over all other peaks, but in contrast to the dilution series, the (220) texture in this power series
is so pronounced that the (111) diffraction peak is missing. Note, thal such a prorounced
(220) texture is also known for polycrystalline silicon deposited by CVD at temperatures
between 600 - 650°C [4]. At higher temperatures the [100] orientation predominates, but the
structure still contains significant contributions from other orientations, such as (110), (111),
{311), and (331).
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Fig. 4.13. X-ray diffraction spectra for the power series at a dilution of 5%. A strong
220 textore is evident for all the layers; the [111}] - axis is even missing and the [110] -
axis i clearly dominant. For onr measuring set-up, this means that all (220) planes are
parallel to the substrate surface. The spectra are shifted for a better visibility.

The IR-absorption measurements of the power series are shown in fig. 4.14. Again, the
observed absorption of the vibrational modes is very similar for all the samples of the series.
The calculated hydrogen content ranges from 4 - 6 %, that seems to be enongh to efficiently
passivate deep defects {59]). Contrary to the X-ray spectra, the IR absorption measnrement is
sensitive enough to detcct slight changes with increasing power. The 2100 em-) vibrational
mode (together with the 626 and 900 cm~! vibrational modes assigned to mono and/or
dihydride bonds on (100) and (111) surfaces of crystalline silicon) is continnously growing at
the expense of the 2000 cm-1 mode, a typical fingerprint of a-Si:H. However, in the dilution
series the shift from the a-Si:H related 2000 crr! vibrational mode to the 2100 cm-1
vibrational mode was muoch more pronounced as that series contained the whole
morphological wansition from purely amorphous to highly pc-Si:H material. Thas, basically,
enhancing the applied VHF-power has a similar effect as increasing tbe dilntion level.
However, here the lowest power level already results in pe-Si:H growth and therefore the
observed changes are less obvions.
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Fig. 4.14. IR - absorption spectra of layers prepared at a fixed dilution of 5 % and at different
VHE-power levels. The highlighted vibrational modes can be assigned to mono and/or
dihydride bonds on (100} and (111) surfaces of silicon crystallites.

Looking at these results, the most pertinent question is what will happen if we start a
similar power experiment with a dilntion level that clearly results in amorphous growth under
the usnal low power conditions?

This issue will be addressed in detail in the next section, where we will increase the
silane concentration to 7.5 %. Before stepping further, we wanted to be sure, however, that we
are on the right track and that our materials are indeed promising PV - matetials. In fact, with
our 5 % dilution high power material we already achieved our fitst target, namely a deposition
rate over 5 A/s.

Without any interface optimisation we directly incorporated the pc-Si:H material
deposited with 22 W VHF-power in a n-i-p cell. The cell thickness was 3.6 pm, that
corresponds to an i-layer net deposition time of only 1h 45 min (5.7 Assyin conrast to 10 h
that would be needed for a deposition rate of t Ass.
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The speciral response of this cell is represented in fig. 4.15 and shows an almost
complete collection without applied reverse voltage. Operating the solar cell even under -4 V
reverse voltage shows only a very small increase of the spectral response. Complete spectral
response and current - tension characterisation of this selar cell results in a conversion
efficiency of 6.5 %.
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Fig. 4.15, Spectral response of a microcrystalline n-i-p solar cell with a coaversion efficiency
of 6.5 %. The i-layer deposition rate is 5.7 Afs, for a thickness of 3.6 pm this
corresponds to a net deposition time of 1h 45 min.

This new high power technique was thea immediately and successfully applied to
opaque substrates (aluminium and stainless steel). The world-wide first n-i-p/n-i-p
micromorph tandem solar cell on aluminiom {with a deposition rate of 4.3 Ass for the pc-Si:H
layer) was presented in [97, 98]. Recently, a n-i-p/n-i-p micromorph tandem solar cell on
stainless steel using the same technology was deposited with a deposition rate for the pc-Si:H
bottom cell of even 5.7 Ass. This cell had a conversion efficiency of 9.25 %, the spectral
response is shown hereafter in fig. 4.16.
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Fig. 4.16. Spectral Response of the first micromorph cell deposited on stainless steel. This
tandem cell is very well equilibrated since the spectral response of both cells results in a
short cirenit current density 10.6 mA/em?. Cell conversion efficiency is 9.25 %.

In conclusion we have shown that high deposition rates of pc-Si:H material of device
guality can be achieved with the VHF-GD deposition technique by applying relatively high
VHE-power levels. Based on our Vpp measurements, we think, however, that this "power
approach” was only successful because the ion impact energy under VHF conditions
(130 MHz) remains low engugh not to create 100 much defects in the ongrowing crystalline
network even at relatively high VHF-power levels. First unoptimised single jnnction (6.5 %
conversion efficiency) and micromorph n-i-p/n-i-p (9.25 % conversion efficiency) produced
by this technique confirm the viability of this "power approach”.
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4.4. VHE-power controlled morphology

In this section we basically intend to take advantage of the results obtained sofar:

First, from the dilution series we learned that by increasing the silane gas phase ratio the
deposition rate goes up. However, the gain in deposition rate was appareatly on the expense
of the desired enhanced optical absorption and, furthermore, we know from previous
experiments that at high enough silane concentrations the morphology dumps to amorphous.

Second, we demonstrated that the deposition rate can also be enhanced by increasing the
VHF-power level (this time without major losses in material quality).

These two approaches (dilution and power} not only both show a potential to increase
the deposition rate, but, furthermore, they show the same trends; more marked for dilution
than for power. On the other hand, texture could be modified mostly with changes of power.
This observation may suggest that dilution and VHF-power have an equivalent effect on the
morphology. A similar result has been shown by Matsuda in 1983 {50]. He demoastrated for
standard PECVD (13.56 MHz plasma excitation frequency) that pronounced hydrogen-
dilution alone is not a necessary condition for pe-Si:H growth: for a given hydrogen-dilution
of silane high enough RF-power levels also yield to pe-Si:H growth, However, deposition
rates remained here below 1.5 Afs.

Choosing now a high silane concentration of 7.5 % in the source gas (that is not
sufficient even under standard low power VHF-conditions to allow uc-5i:H growth) we want
to force notwithstanding the morphological transition to pc-Si:H by feeding really high
VHF-power levels into the plasma. By this experiment, we expect to start with growing an
amorphous layer at already guite high deposition rate and, by turniag up the VHF-power, to
push the pe-Si:H deposition rate to a maximum. We thereby expect to take advantage of the
VHF-technique and further of the combined potential of both, high silane concentration and
high power for fast growth of pc-5i:H.

To this end we used the identical deposition parameters of the former 5 % VHF-power
series {pressurre, temperature, excitation frequency). We then increased the silane
concentration to 7.5 % and raised the VHF-power from 20 up to 70 W {103, 104].

In fig. 4.17 the X-ray diffraction patterns of the films prepared at the fixed dilution of
7.5 % are shown as a function of the applied VHF - power. At 20 W the absence of diffraction
peaks reveals the growth of a-Si:H. At higher VHF-power levels crystalliles can be detected:
the main diffraction peaks that can be observed are those for the (111), (220) and (311)
planes, For convenience, we have plotted in fig. 4.18 the ratio of intensities of the {111) and
(220) peaks. Again, we observe a strong (220) texwre with a maximum at 50 W that is even
more pronounced than in the (low power) dilution series. On the other side, in contrast to the
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5 % power series where the (111) diffraction peak was missing, the latter is clearly visible for
all the jtc-Si:H layers here.
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Fig. 4.17. X-ray diffraction pattern of layers deposited at a fixed dilution of 7.5 %. At alow
VHEF-power level of 20 W the morphology is amorphous, but at higher VHF-power we
can clearly see an onset of crystalline growth.
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Fig. 4.18. Texture of the 7.5% power series. All samples show a clear preferential growth
along the [110] axis with 2 clear maximum at 50 W VHF-power when compared to the
silicon powder sample, where the I(220)/1(111) ratio is 55 %.



The IR - absorption measurements show a similar picture. Typical "fingerprint™ patterns
at 640, 840, 880 2000 and 2090 cm-1 pertaining to the bonding structure of a-Si:H can mainly
be seen for the 20 W sample and become smaller and even disappear when going (o higher
VHF-power ievels. At the same time, the characteristic peaks of for pc-Si:H at 626, 900 and
2100 cm-1 attribnted to mono/dihydride bonds on (100} and (111) surfaces of crystalline
surfaces arise at higher VHF - power levels. The bonded hydrogen content is evaluated to be
between 5 - 10 % for the pe-Si:H samples. This is slightly higher than in the previous series.
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Fig. 4.19. IR-absorption spectra of layers prepared at different VHF-power levels as indicated
in the figure. The spectra are shifted vertically for clarity. The fine vertical lines point to
the absorption aronnd 626, 900 and 2100 con- | which can be associated to modes from
mono/dihydride bonds on erystallite surfaces.

In other terms, we observe a similar behaviour as in the dilution and power series,
starting however this time from amorphous material and covering the whole marphological
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transition. Thus, it seems that high hydrogen dilution can, indeed, be replaced by substantially
enhanced VHF-power levels.

In fig. 4.20 we reported the (220)/(111) X-ray diffraction ratio as well as the
IR - absorption at 2100 et | as a function of the VHE - power. Apparently the (220} texture
is correlated with the appearance of mono/dihydride bonds on (100)/(111) surfaces of silicon
crystallites (IR - absorption around 2100 cm-l). This is interesting in the context of the
surface passivation properties that hydrogen shows on silicon [57, 58]. One may indeed raise
the question whether we have here crystallites arranged vertically along the [110] axis with
surrounding surfaces (i.e. grain boundaries) where bonded hydrogen passivates dangling
bonds.
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Fig. 4.20. Ratio of the (220)/(111) X-ray diffraction peaks for a silicon powder sample with
random oricnlation and for the series presented here. Preferential growth along the [110]
axis is evident for all the layers, with a clear maximum around 50 W. IR-absorption at
2100 cm-1 is also shown (stretching modes around 2100 cm-1 can be assigned to
mono/dihydride bonds on (100) 7 (111) surfaces of silicon crystallites).

The optical absorption plotted in fig. 4.21 measured by PDS shows consistently with IR
and X-ray measurements the occurence of a morphological transition: the 20 W material is

62



purely amorpheus whereas all the other layers show same crystalline-like absorption. The
defect - connected absorption at around 0.8 eV is similar for all pc-Si:H samples. However,
one has to keep in mind that scattering related enhancement of the optical absorption as well
as the detection limit of the PDS technique [59] in this low absorption region renders a more
quantitative evaluation of the defect density difficult. The only message that can be directly
drawn therefrom is the utmost possible defect density of still reasonable 3-1016 cm3 for all
these pc-Si:H layers. A scattering-corrected evalation of the defect density for the 40 W
sample shows, indeed, that the effective defect density is substantially lower, i.e. about one
order of magnitude (3-1013 ¢m-1),
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Fig. 4.21. Optical absorption as measured by PDS for the VHF - power series at 7.5 %
dilution.

Looking now at the measured optical absorption of the pc-5i:H materials (30 W and
higher) in the region around 1.4 eV, another interesting feature can be seen: even though all
these layers are clearly microcrystalline from the structural measurements, they show
variations in the optical absorption of about a factor of 2. In contrast to the "high” energy
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tegion (E > 1.8 eV or A < 690 nm) where the absorption of pe-Si:H (ot 2 5-103 cm‘l) suffices

in a solar cel with 3.6 pm thickness to absorb at least 90 % of the incomiog light in a single

optical path this doesn't hold for photons of lower energies. In the spectral region around

1.4 ¢V (EB6 om) the situation is becoming more critical: at this energy, ¢.g. a 2 times higher

apparent optical absorption of the material immediately allows the reduction of the cell-
thickness by the same factor while still absorbing the same amount of sunlight.

At this level the question must be risen, where these changes in absorption come from.
As a first hand explanation, one may speculate that variations in the crystallive volume
fraction that are not visible by IR or X-ray measurements, may occur. To check this
possibility, we performed Raman-measurements in order to determine the crystalline voluime
fraction in 1his particular series. The result, plotted in fig. 4.22, is evident: the crystalline
volume fraction is constantly high for all pe-Si:H materials and can therefore not account for
the observed variation in the optical absorption around 1.4 eV (see also fig. 4.23.}.
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Fig. 4.22. Crystalline volume fraction as determined from Raman spectra.

Another possible explanation would be scattering-related enbancement of the optical
absorption due to the surface roughness of the layers. To this end we determined the rms
surface roughness by a surface profilometer (o - step Tencor) and plotted the results wogether
with the apparent optical absorption measured at 1.4 eV (see fig. 4.23.). The correlation
between apparent ¢t and the surface roughness becomes quite evident from this picture and we
therefrom conclude that the changes in optical absorption are mainly due to surface
scattering [105].
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Fig. 4.23. rms surface rougbness and optical absorption at an energy of 1.4 eV for the VHF-
power series at a dilution of 7.5 %.

After this detailed material characterisation we were meotivated to investigate how this
new 7.5 % VHF - power series of uc-Si:H layers perform within the device. We therefore
deposited n-i-p solar cell diodes incorporating these layers as absorbing i-layers to actually
check their performance.

In fig. 4.24. we show deposition rates thereby obtained. A steady increase of the
deposition rate is observed by increasing the applied VHF-power. Unusnally high deposition
rates up to 13 Ass for uc-Si:H material are observed and reflect the synergetic effect of both a
high silane gas phase ratio and a high VHF-power level.
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Fig. 4.24. Deposition rate of n-i-p solar cells in function of the applied VHF-power.
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Note char for the lowest VHF-power resulting in pe-Si:H growth (30 W) in the present
7.5 % series the deposition rate exceeds the highest deposition rate obtained in the previous
power - seties at 5 % dilution. At the same time, the initially set target of 10 Ass is achieved
for all the other pc-Si:H materials of this series.

In fig. 4.25a, b performances of the n-i-p solar cells are given. Note that the sfmcture
employed has a specific advantage when growing fully pe-8i:H solar cells. The thin window
layer (p - type pc-Si:H) has a strong tendency to pick up the underlying morphology and, thus
mucleates rather bad oo a-Si.H [106]. This can also be seen in the low spectral response at
short wavelength for the 20 W a-Si:H cell indicating a serious problem with this p-layer (sce
fig. 4.26.). Surprisingly, a similar but less drastic effect is aiso visible for the cell
incorporating the 30 W i-layer. This could also explain the increase in fill factor (FF) for
higher VHF-power levels, since nucleation is facilitated (ou pc-Si:H). Furthermore, in
fig. 25a, a continuous decrease in Vo is observed for the cells deposited at increasing power
and can to some extend be explained by the decrease of the optical gap of the corresponding

materials.
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Fig. 25a, b. n-i-p solar cell performances after direct implementation of the i-layers which
morphology is controlled by the VHF-power only.



The strongest effect of pc-SitH growth and structure on the solar cell performance can
be observed for the short circuit current density. For this particular series, the highest obtained
conversion efficiency is 5.2 % at a depasition rate of 10.9 A/s (jsc = 21.8 mA/cm2,
FF = 56 %, Voc = 424 mV).

In fact, the obtained cell conversion effictencies are well correlated with the short circuit
current density {fig. 4.25b) and reflects mainly the changes in the optical absorptian of the
incorporated material as will be shown hereafter.

In fig. 4.26. the spectral response measurements of the entire 7.5 % power cell series are
platted. For the pe-Si:H cells we observe the gap related extended spectral respense to the red
as compared to the a-Si:H cell (20 W), Furthermare, within the pc-8i:H solar cells, a steady
decrease of the red spectral response with increasing power is observed. As shown in the
following fig 4.27. this reduced spectral response can be associated to a large extent to the
decreasing optical absorption of the ic-8i:H materials deposited at increasing power levels. In
fact, even though the 70 W uc-Si:H solar cell additionally exhibits a charge collection
problem (collection increases with applied reverse bias voltage), it cannot account for the
observed substantial differences between the 70 W and 40 W pc-Si:H cells. These
observations of spectral response {and thus also short circuit corrent density and conversion
cfficiency) are in good agreement with the optical properties measured in the corresponding
layers and discussed previously (fig. 4.23.}.
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Fig. 4.26. Spectral response for cells incorporating the VHF-pawer series at a dilution
of 7.5 %.
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Fig. 4.27. Spectral Response under reverse bias voltage for the cells incorporating the 40 and
the 70 W layer respectively. Comparison of the measurements performed at 4 V reveals
that the difference in the red spectral response is mainly due to differences in the optical
absorption.

As far as charge collection is concerned, the present unoptimised (1) celis incorporating
the 7.5 % power series still bear the potential of further improvement. Two different ways
may be followed up: first, the process parameters for deposition should be further optimised
(deposition temperature, interfaces, contacts, light trapping, anti-reflecting coatings, etc.}
towards higher cell conversion efficiencies, second it would also be desirable to have a
characterisation method (like for a-Si:H [107]) that altows a direct evaluation of the intrinsic
material in the device. Efforts in this direction are in progress [108].
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4. 5. Optical emission spectroscopy

The forth state of matter, the plasma phase, consists of an ensemble of free electrons,
neutrals and jons. Under the VHF-GD conditions used, reactive species are mostly due to the
electron impact onto the molecalar source gases (SiH4 and H2). These reactive species
condense on the nearby substrate forming thereby the coating. The necessary energy to
dissociate and / or excite the molecules of the source gas is supplied at the base by the applied
VHF-power. Free, highly mobile electrons accelerated by the applied VHF-power sustain the
plasma - "flame" by impact ionisation: thereby positive ions and free electrons are created.
Few elecirons may be sufficient to ignite the plasma. Involved plasma reactions and
interactions are of a rather complex nature, there is no consistent picture available yet (sec e.p.
[109]). However, among the light emitted from the plasma some intense line emission can be
observed. They result form discrete energy transitions from a formerly excited level down to
an intermediate or the ground level. These transitions accompanted by emission of photons
are direct accessible fingerprint patiems and give insight in the involved reaction species as
well as may clarify reaction mechanisms.

Optical emission spectroscopy (OES) is a quite simple in-situ cbaracterisation technique
which does not disturb the plasma. In onr case it consists of decomposing the light emitted
from the plasma with a monochromator and spectrally detecting the intensity with a
photodiode at the exit slit (sce fig, 4.28.).

detector
monochromator .

cleaned
window

recorder

Fig. 4.28. Experimental set-up for measuring the optical emission spectroscopy (OES).
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Special care was taken to check whether the chamber window was covered by a layer
during deposition, since otherwise a transmittance loss mainly in the UV-region could give
misleading measurements. For this particular set-up (reactor, monochromator, detector) a
spectrum recorded under precisely known deposition conditions may be unscd later as a
calibration or for ulterior comparisons. However, since no absolute calibration of the specira
is done, comparisons to other systems can only be done on a relative basis,

Fig. 4.28. shows typical OES as obtained with our set-np, for deposition conditions of
low VHF-power level (6 W) in function of the hydrogen-dilntion of silane. The spectral lines
of main interest which will be considered hereafter are situated at 414 and 656 nm. The
former line is associated to the SiH* radical and the latter to atomic hydrogen He. These lines
of pur interest are marked in the same fig. 4.28. and we will analyse how they evolve by
changing the process parameters. As can further be seen in fig. 4.28 there are more well
visible lines that will however not be further considered here, as e. g. the lines around 603 nm,
the so called Fulchner - lines, which correspond to transitions withio molecular hydrogen, etc.

As shown by Mishima et al. in 1982 [110] it is possible 10 comrelate the morphological
transition from amorphous to microcrystalline silicon to the SiH*/Ha ratio, i.e. beyond a
certain SiH*/Ha ratio the morphology of the grown film is strictly pc-Si:H. This relation has
also been observed by Matsuda in 1983 [30]. Further, in all these works done at the standard
f-PECVD at 13.56 MHz, deposition rates scale fairly well with the SiH* - line. Later, Oda et
al. [111, 112] compared the OES of standard rf-PECVD at 13.56 MHz with the OES of VHF -
FECVD at an excitation frequency of 144 MHz. Consistently similar results have been found
for the morphological transition, however with a focus mainly to explain higher deposition
rates of a-5i:H under VHF conditions. Nevertheless, with the help of such OES measurements
a broader process window under VHF-conditions for the growth of pe-5i:H could be brought
already then to evidence.

Thus, we performed OES for two selected series [113] where the morphological
transition has been controlled by varying one parameter alone; the first series is the dilution
series as presented in section 4.2. and the second series is the VHF-power series as shown in
section 4.4.
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Fig. 4.28. Optical Emission Speciroscopy (OES) as obtained in our set-np for the dilution
series under VHF-GD conditions. The lines of our interest are situated at 414 and
656 nm and correspond respectively to the SiH* radical and to atomic hydrogen (Hg).

Fig. 4.29. shows the SiH* and the Het lines versus the silane gas flow concentration
employed for their deposition. Note that the morphology changes from pe-Si:H to a-Si:H
when the dilution level is changed from 5 to 7.5 %, according to the X-ray measurements
(fig. 4.6.). In agreement with observations previously reported in the literature, pc-Si:H



growth is observed as soon as enongh atomic hydrogen is available. This can be seen in
fig 4.29. where samples with the lowest silane concentration of 1.25 to 5 % exhibir also the
lowest SiH*/He: ratio. On the other hand, if the SiH*/Ha ratio is high, the obtained Jayer is
a-Si:H (as is the case for the samples deposited at a silane gas phase ratio of 7.5 and 10 %).
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Fig. 4.29. OES for the SiH* and Ho lines for a dilution controlled morphological transition.
As soon as enough atomic hydrogen (Hat) is available w.r.t. the SiH* radical, the
morphology becomes e-Si:H. Further, the deposition rate scales with the SiH* line.

The same measurement is shown for the VHF-power controlled morphological
transition in fig. 4.30. (at a fixed gas phase ratio of 7.5 % silane). Increasing the VHF - power
leads to a continnous decrease of the SiH*/Ha ratio and also here we can find pe-Si:H growth
when this ratio is low enongh. Furthermore, owing to much higher plasma densities all the
measured OES intensities are shifted to much higher values (the arbitrary units on the y-axis
are the same in both figures); the averall emitted intcnsities are increased by about a factor of
five and reflect much higher dissociation rates in the plasma. This increased dissociation rate
explains probably the approximately 3 times higher deposition rates as observed for all the
samples (whether a-Si:H or pc-Si:H) of this power series compared with the dilntion series.
Further, as can be seen in figs. 4.29. and 4.30, the deposition rate scales with the intensity of
the SiH* - line for both, the dilution and the VHF power series. This has also been shown
by [6] for the growth of a-5i:H under VHF-conditions.
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Fig. 4.30. OES for the SiH* aod He lines for the morphological transition as controlled by the
VHF-power. Also here, as soon as enough atomic hydrogen w.r.t. the SiH* radical is
available, pc-8i:H growth is obtained. The deposition rate increases also with the SiH*
line.

In both the dilution and in the VHF-power series, process parameters can be chosen by
monitoring characteristic OES which are known to lead strictly to fie-Si:H growth. This is the
case when the SiH*/Ha ratio is below a certain value. Obviously, the opposite is true for
a-Si:H growth.

This is further illustrated in fig. 4.31, where on the x-axis the SiH*/Ho ratio is shown
for both series: On the left y-axis we can read the silane gas phase ratio employed for the
dilution series and on the right y-axis the applied VHF-power for the power series is
specified. For the particular measurement set-up used here, we see that when the SiH*/Ho
ratio is well below 1.7 we obtain pc-8i:H growth. This fixed ratio which determines the
morphology is consistent with literature [50, 110-112, 114] and is a further proof how helpful
OES measurements can be to gather new deposition conditions. Even though the two series
come from quite different deposition conditions, it is shown that determination of the
microstructure of the films is achieved by comparison of the SiH*/He ratio. Keeping in mind
that pe-SicH growth is achieved for the dilution series at 2 deposited rates only below 2.5 Ass,
the VHF-power series attains within the pc-Si:H growth regime deposition rates well above
10 A/s. To the best of onr knowledge, these are the highest deposition rates using glow
discharge for device quality Jic-8i:H that have been reported to the date of writing of this
work. It is evidenced from these OES studies, that the "plasma chemistry” remains essentially
the same for achieving pc-Si:H at high rates, though the overall intensity of OES is shifted to
much higher values.
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Fig. 4.31. OES for the SiH*/Ha: ratio for both the dilution and VHF-power series. On the left
axis we can read the employed silane gas phase ratio and on the right axis the applied
VHF-Power. As soon as the OES - ratio falls below 1.7 in our particular set-up, we have
pe-Si:H growth,

In conclusion, OES is a powerful tool for menitoring the influence of plasma
parameters. Even though the two series investigated here by OES come from quite different
deposition conditions, it is shown that the SiH*/Ha ratio is a powerful parameter to determine
the microstructure of the deéposited film. It is observed that the emissions of the SiH* line
scales with the deposition rate independently of the obtained morphology of the layers. Thus,
OES is an efficient and easy to handle in-situ tocl that can certainly contribute to monitor

deposition processes.

4. 6. Conclusions

In conclusion, we have proved that it is, indeed, possible to deposit device grade
uc-5i:H at substantially higher deposition rates (i.e. 2 10 A/s) thanks to the "soft™ nature (low
ion bombardment) of the VHE-GD technique (130 MHz). In fact, by taking advantage of
restricted hydrogen dilution of silane together with unusually high VHF-power levels we
succeeded to grow pe-Si:H with a high crystalline volume fraction (> 80 %) at a deposition
rate of 13 A/s, Fast deposited (10.9 Ass) n-i-p solar cells achieved so far an (nnoptimised)
conversion efficiency of 5.2 %. In addition, we have shown that OES can be nsed as an
efficient tool to monitor process parameters in view of the morphelogy and deposition rate of

the ongrowing layer.
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VY. Final Conclusions

Already now uc-Si:H is one of the most competitive PV materials for the challenge of
the next generation of thin-film silicon solar cells. In combination with amorphous silicon
withint the micromorph concept, uc-Si:H bears the potential for low-cost, [arge area high
efficiency solar cells.

In this thesis work we presented some solutions to three key issues related to pc-Si:H
solar cells that hindered so far a fast and successful spreading of this new material:

It has been difficult so far to grow midgap pe-Si:H as needed for an active absorber
material in PV applications. We have shown that in our pc-Si:H material the detrimental
n-type character is related to oxygen impurities. As a consequence we were able to overcome
the previous difficult to bandle "microdoping approach”: we soccessfully reduced and
controlled the oxygen contamination in our pc-Si:H material by using the purifier technique.
This new approach allowed us to achieve the growth of intrinsic pc-Si:H without needing
impurity compensation.

We have also shown that VHF-GD has inherent advantages for the growth of pc-5i:H.
Experimentally this was evidenced by low temperature p-type epitaxial growth {at 170°C) and
the demonstration of an enlarged parameter space for boron-doped p-type pc-Si:H window
layers with increasing plasma excitation frequencies (up to 130 MHz). The "soft" nature (low
ion bombardment) of high frequency plasmas was furtber evidenced by Vpeak-peak
measurements. Finally, we showed that for high enough excitation frequencies the VHF
power levels can be increased substantially without inducing a detrimental increase of defects.

Motivated by these results we finally attached ourselves to the solution of one of the
major drawbacks of nc-Si:H for a potential industrial production, namely its very low
deposition rate of typically < | Ass. We achieved a 10-fold enhancement of the deposition rate
by combining the beneficial effects of restricted dilution and high VHF power levels. These
fast deposited pc-Si:H materials (10.9 Ass) were also successfully implemented into first
(unoptimised) n-i-p solar cells with a conversion efficiency of 5.2 %.
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