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MICROCRYSTALLINE SILICON THIN FILMS
DEPOSITED BY VHF PLASMAS FOR SOLAR CELL
APPLICATIONS

SUMMARY

The Very High Frequency - Glow Discharge (VHF-GD) deposition method, is used, at an
excitation frequency of 70 MHz for the preparation of microcrystalline silicon (ue-Si:H). As
source gas, silane (SiH4) strongly diluted with hydrogen (H2) was used. Extensive investigations
on the influence of the deposition parameters (temperature, power, pressure, gas phase dilutions
and boron doping ratio) have been carried ont, in connection with the deposition of undoped,
“truly intrinsic” (compensated midgap material) and boron-doped pec-Si:H films. The electrical,
optical and structural properties of these specimens as well as the featutes of their tnitial growth
regime are compared with the deposition parameters: this is done methodically with a view to
identify the optimal preparation conditions for the requested solar cell applications as photovoltaic
active material, window layers and tunnel junctions.

Starting with a temperalure series of undoped (or rather, "not intentionally doped") pc-Si:H
films, a wide range of film properties could be obtained, corresponding to film structures mnging
from almost amorphous to fully microcrystalline. The usual <n>-type character of films deposited
by glow discharge is identified here by the very low measured values of the dark conductivity
activation energy. Comparing this series with a series deposited in an vltra high vacuum chamber
at the standard indusirial plasma excitation frequency of 13.56 MHz, leads to the conclusion that
an excitation frequency of 70 MHz offers major advantages from the point of view of film
properties and of film deposition.

The strong <n>-type character of the "undoped" films is probably due to contamination by
oxygen which acts as "unintended” dopant; this <n>-type character was compensated by boren
microdoping, i.e. by low-level doping, adding diborane to the silane, in the volume part per
million (vppm) range. The coropensated film which has its Fermi level near midgap, was revealed
to exhibit the lowest dark conductivity, the highest dark conductivity activation energy and
(surprisingly 1) a stability (of its photoconductivity value), during intensive light-soaking
experiments; on the other hand "undoped”, <n>-type samples show no such stability: this makes
the compensated film to be potentially a very interesting candidate, for a new stable
photovoltaically active roaterial within solar cell devices.

By carefully optimising the boron doping, very thin <p>-type Uc-Si:H and even <p>-type
ne-SiC:H films of thicknesses Jower than 150 A could be deposited; these very thin films have
contrary to similar films produced at 13.56 MHz quite reasonable clectrical and optical properties.
They were even shown (o be potentially better than the standard <p>-type a-Si:H or <p>-type
a-8iC:H films used so far for window layer applications. Finally, the effectiveness of the VHF-GD
technique with an excitation frequency of 70 MHz with respect to favourable microcrystalline
growth conditions is further emphasised by our discovery of <p>-type Si epitaxial growth onto
¢-8i substrates at the low deposition temperature of 170 °C. With all these promising results,
He-SizH deposited by our 70 MHz VHE-GD technique becomes a very intercsting candidate for
various device applications such as solar cells, thin-film transistors {TFT's) for flat panel displays
and possibly as an electrode material for the gate of FET's in microclectronics.
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1 INTRODUCTION

| was just two years old when the history of microcrystalline silicon (Le-Si:H) started. It was in
1668, Veprek and Marecek [Veprek 1968] were the first to deposit a microcrystalline silicon
semiconductor layer, using the chemical vapour transport in a hydrogen plasma at temperatures of
about 600 °C. Scveral years later, tn 1979, a Japanese group [Usui 1979] showed that doped
pe-SicH can be deposited from a high input power level inductive silane glow discharge (GD),
already widely used for the preparation of amorphous silicon (a-Si:H) films. From that time, many
research groups have carried out extensive investigations on the preparation and characterisation
of pe-SizH as a new thin film semiconductor material.

When in 1975 Spear and LeComber [Spear i975] achieved a successful doping of the
hydrogenated amorphous silicon material at low temperatures (~ 200 °C) using the plasma
enhanced chemical vapour deposition (PECVD), a-Si:H together with hydrogenated
microcrystalline silicon attracted even more attention as candidates for low cost solar cell
fabrication [Carlson 1977]. The high conductivity and high transparency obtained for pe-Si:H
material have motivated many research groups to substitute it for doped amorphous layers (which
have conductivities lower by 3 to 4 orders of magnitude [Willeke 1992 and Luft 1993}) in p-i-n
solar cells [e.g. Yang 1994], This new matcrial {pc-Si:H) found quickly varions other promising
applications in opto-elcctronic devices as the already mentioned solar cells, flat panel displays and
farge arca microelectronics [Kanicki [991] and in electronic devices like in thin film transistors
(TFT's) [He 1993, Hsu 1994 and Parsons 1994]. One of the main new trends in microcrystalline
applied research during these few last years is the grain size manipulation. There are two oppositc
fields of work depending on the expected final crystallite size; for small crystallite sizes
{< 100 A), the Japanese group of Oda [Oda 1995], for example, developed the so-called
"digital CVD™ technique in order to deposit silicon "quantum dots” (very small crystallites of sizes
$ 40 A). In contrary, Finger et al. [Finger 1994} are dealing with large grain size (> 300 A
microcrystalline silicon deposited by the very high frequency-glow discharge (VHF-GD)
technique. Finally, electroluminescence and photoluminescence from nanocrystalline silicon
(nc-Si) - with crystallite sizes < 40 A - are nowadays also extensively stndied by many rescarch
groups [e.g. Veprek 1995].

Very generally, microcrystalline material can be described as small grained polyerystalline
specimens. They lie on the borderline between the amorphous and polycrystalline phases. These
microcrystalline semiconductors are composed of small crystallites with an average grain size 8 of
about 50 - 300 A embedded in an amarphous matrix {see Fig. 1.1). They are thereforc often
described as diphasic material. The average prain size is usually determined by X-ray or electron
diffraction methods. The crystalline volume fraction X represents the relative crystallinc phase
amount contained in the film and is usually determined from Raman spectroscopy experiments.
For high crystallinity films, X can take values from 70 to atmost 100 % and the remaining
votume fraction is essentially related te zones of high density of states called grain boundaries
(gb’s). These defect rich regions, where hydrogen passivates some defects, act as trap centers for
charge carriers. These mixed phases make it difficult to model the electrical and optical properties
of microcrystalline films.

Compared to a-Si:H, pe-Si:H has a lower optical absarption in the visible range of the sun light
specirum, higher electrical conductivity and carrier mobility, and a higher doping efficiency
[Luft 1993]. The hydrogen content of pic-Si:H films depends on the deposition parameters and can
be as low as 5 % for highly crystalline material with X¢ > 90 %. In general, the optical properties
of micracrystalline films are mostly determined by the amorphoos phase (and/or grain
boundaries), while the electrical properties are mostly determined by the crystalline phase



[Hattort 1987]. The work by the Dundce group [LeComber 1983] has shown that the electronic
propertics of pe-8i:H deposited by glow discharge can, despite its relatively small average grain
size of about 60 - 80 A, be interpreted in terms of the well-established models for polycrystalline
silicon [e.g. Seto 1975]. The high conductivity reached in pc-Si:H is attributed to the four fold
doping within the crystallites as found in crystalline silicon and to the high free carrier
concentration in the conduction or valence bands, as compared to in a-Si:H [Spear 1981 and
Willcke 1992]. Besides, the long range order (100 - 250 A) in the crystallites also improves the
mobility of the carriers. 1n poor pe-8i:H (with X below the percolation threshold value of about
20 %) the ransport is dominaied by the amorphous phase [Kornuro 1584). While the properties of
He-SitH thick films > 500 A) are not too sensitive to the deposition methods, in contrast, the
initial nucleation and film growth influence strongly the properties of thin films (< 500 A)
[Carlson 1988].

The pioneer work on microcrystalline silicon using the chemical transport method
[c.g. Veprek 1968] suggests that stable nuclei for microcrystalline growth are likely 10 be formed
under plasma conditions whereby a "chemical equilibriun” is approached at the plasma solid
interface [Igbal 1980). Nowadays, most a-8i:H and pc-Si:H films are deposited using the silane
glow discharge techniques. In these techniques, the chemical equilibrivm for microcrystalline
growth is approached by using appreciably higher radio frequency (rf) power levels (than for the
dcposition of amorphous material) and a gas phase dilution of silane in hydrogen. The observed
deposition rate is slowed down in spite of the enhanced rf power indicating that the system is
fairly close to a "dynamic equilibrium”. The increased etching precess at the film surface (which
removes weak or sirained $i-Si bonds) by using higher power demsitics (typically
200 - 300 mW/cm?) and high hydrogen dilutions (> 95 %) for the deposition of micrecrystalline
films with the standard 13.56 MHz PECVD technique has similar effects on the film growth as
increasing the substrate temperature but without the disadvantage of enhancing the impurity
coatamioation of the material. The high gas phase dilution of silane in hydrogen and the high
discharge power enrich the plasma with atomic hydrogen and the interface between the plasma
and the film growth surface approaches "partial chemical equilibrium” (PCE) [Veprek 1988].
Under these couditions a balance is reached between the deposition of silicon atoms and radicals
and the erosion of wenk and disordered bonds, promoting, thus, microcrystalline growth. The
cffect of the atomic hydrogen on the preferential climination of the weak and disordered bonds by
a chemical erching mechanism [Tsai 1988 and Heintze 1993) seems to play a predominant role,
Maisuda and Goto [Matsuda 1990] proposcd that the high substrate temperature (T 2 200 °C)
provides the necessary energy to enhance the surface mobility of the oncoming reactive species
and for the desorption of the surplus of hydrogen. Finally, the group of Shimizu {Shimizu 1989]
suggested that atomic hydrogen performs a "chemical annealing™ of the silicon network by
energetic relaxation and restructuration.

Apart from the already mentioned PECYD technique several other more complex metheds
have been used so far, to fabricate microcrystalline silicon layers such as electron-cyclotron
resonance (ECR) PECVD, photo CVD, plasma magpetron CVD, remote PECVD,
hydrogen-radical-enhanced CVD and so ou [e.g. Luft 1993 and references therein].

The standard capacitively coupled 13.56 MHz industrial frequency PECVD techuique is the
commonly used method for thin film deposition, Only few groups reported the use of other plasma
cxcitation frequencies (e.g. 27.12 MHz [Kausche 1989], 40.68 MHz [Spear 1981], 110 MHz
[Chatham 1989], 144 MHz [Oda 1988], and 250 MHz [Zedlitz 1992]).

Since 1987, the very high frequency (VHF) plasmz excitation of 70 MHz - introduced the firs
time by our group - has been used for the PECVD deposition in our laboratory of both 2-Si:H and
pe-Si:H films. This frequency was found to be optimal from owr investigations on the influence of
the discharge frequency on the deposition raie and film propertics of a-5i:H, carried out in the
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range of 25 to 150 MHz [Curtins 1987, 1987a and 1987b). For the development of a-Si:H based
solar cells, we have carried out extensive research on the preparation and optimisation of pe-SitH,
using the plasma cxcitation frequency of 70 MHz. The influence of the hydrogen dilution,
discharge power and doping concentration on the properties of microcrystalline silicon films has
been investigated in detail in a previous thesis work [Prasad 1991].

In the following, we focus on the research and further optimisation of microcrystalline silicon
thin films for applications in salar cell devices. Microcrystalline 8i and SiC films are used in our
salar cells as window layers, tunnel junctions and as active photovoltaic Jayers. In the quest for
higher sunlight conversion efficiencies of a-5i:H based solar cells, a nomber of approaches appear
promising: 1) the usc of multiple junction devices, 2) the use of highly conductive and transparent
<p>- and <n>-type layers and 3) the reduction of interface recombination losses. Microcrystalline
silicon with its weaker absorption in the visible range of the sun light spectrum and higher
conduction (than a-Si:H) is useful in all these approaches [Luft 1993]. "Truly intrinsic” (midgap
material) pe-SizH films show the potential as newly developed photovoltaic stable material in a
complete microcrystalline silicon solar cell [Wang 1990 and Meier 1994a]. Furthermore, the
increased infrared response of this new cell together with its improved stability to light-soaking
experiments lead to its incorporation as a bottom cell in standard a-Si:H tandem cells.

1.1 The 76 MHz PECVD technique

The past decade has seen an imponant growih of amorphous and microcrystalline silicon
technologies. By simply tuning a few of the deposition parameters from a-Si:H thin film growth
conditions, pe-Si:H could often be depasited. PECVD is amongst all techniques the most popular
and widely used. While 13.56 MHz is the commonly nsed authorised industrial plasma excitation
frequency, our group investigated the frequency range from 25 to 150 MHz for a conventional
capacitively-coupled diode reactor with an adapted maiching network [Curtins 1987 and 1987a).
Whercas the opto-clectronic properties of the a-Si‘H investigated films were comparable with
thase of films deposited at 13.56 MHz [Curtins 1987b], we observed for our reactor geometry and
the selecicd set of process parameters an incrcase of the deposition rate when increasing
frequency. This increase in the deposition rate seems to be linked with a higher power transfer
cfficicncy into the bulk of the plasma, a higher decomposition of silanc and an increasc in surface
reactivity of the film precursors - due 10 an increased ion flux - at higher frequencies
[Howling 1992, Kroll 1994 and Heintze 1993a). The high deposition rate obtained a1 70 MHz was
considered to be of advantage to reduce production cost of a-Si:H based solar cells by achieving a
higher throughput. In view of the investigation af such a possibility, this frequency has been used
in our laboratory for both a-Si:H and pc-Si:H depositions.

The tendency of the high depasition rate as well as the effects of the 70 MHz plasma excitation
frequency on the growth and properties of pc-8i:H films were treated in a previous thesis work
[Prasad 1991]. Compared to the conventianal 13.56 MHz plasma process, the very high frequency
technigue at 70 MHz shows several advantages for the growth of microcrystalline silican films as
¢.g. a higher deposition rate and larger grain sizes [Prasad 1991 and Finger 1994]. Results from
plasma diagnostics [Howling 1992 and Heintze 1993a) and impedance analysis [Kroll 1994)
suggest that a higher density and less energetic ion flux and a higher atomic hydropen and radicals
flux to the growth surface lead to favourable growth of pc-Si:H under VHF conditions. Mare
detailed plasma studies and impedance analyses are treated elscwherc [Kroll 1994a and
Keppner 1995].



1.2 Description of the work

After this general introduction on microcrystalline silicon material, let us focus on the body of
this thesis work, It consists in the optimisation of pc-Si:H thin films deposited by VHF-GD at
70 MHz for solar cell applications. The layout of the present work is developed hereafier.

Chapter 2 describes the deposition system and the deposition process used for the preparation
of the different specimens. Some detailed system characterisation, such as the calibration of the
plasma power, of the dcposition substrate temperature and of the gas fluxes, are also presented in
detail. A complete and precise deposition system characterisation is absolutely essential for the
study of the effects of the deposition parameters on the film properties. Chapter 3 is the main
chapter of this thesis work; the results concerning the individual effects of the deposition
paramcters on the electrical, optical and structiral properties of undoped, compensated ("truly
intrinsic” midgap material) and boron doped films are discussed. All films deposited were
tentatively developed and optimised for specific solar cell applications. Furthermore, the
advantages of the 70 MHz by comparison with the standard industrial 13.56 MHz plasma
excitation frequency are pointed out with respect to the filn deposition and the film properties.
Chapter 4 briefly mentions the realised applications {in our laboratory) of the developed pc-Si:H
thin films to all kinds of solar cells. References to extended work are joined for additional
information. Chapter 5 summarises some important conclusions and suggestions for possible
future work. Finally, chapter 6 gives details on the cleaning procedures and on the various
techniques used for the electrical, optical and structural characterisation of the specimens. Some
details on the kind of information expected from these techniques and its interpretation are also
briefly given. The references mentioned throughout this manuscript are listed in chapter 7.






2 VHF-GD DEPOSITION SYSTEM AND PROCESS

This chapter is divided into two parts. In the first one, the 70 MHz PECVD deposition system
and process are described. The second part presents some detailed systcm characterisation.

2.1 Deposition system and process descriptions

2.1.1 Deposition system

Fig. 2.1.1 illustrates schematically the capacitivelyconpled VHF-GD system used for the
deposition of the films and solar cells, The reactar consists of a stainless steel vacuum chamber
(with cubic dimensions of 25x25x25 em3 corresponding to a volume of about 15 litres) containing
twa stainless steel electrodes. Bath electrodes are 13 cm in diameter and are separated by 15 mm
(inter-electrode distance). The upper one - that is grounded and holds the substrate on which the
film is deposited - can be heated nsing an integrated coaxial heating coil and is temperature
controlled from rocom temperature (RT) up te about 400 °C. The lower electrode - that is nat
temnperature controlled - is conpled to the high frequency source and an amplifier by means of a
standing-wave-ratio (SWR) power meter and an intermediate impedance matching t or LC filter
via a 50 Q coaxial line. The SWR power meter measures the forwarded as well as the reflected
power. The matching box adapts the reactor's impedance to the amplificr output impedance, sa as
to minimise the reflected high frequency (HF) power.

Gas bollles Pressure — sc:l:g’l:e

Exhausts

Turbomelecular  Primary
pump pump

Wide band
amplifier

rrrfe Coaxisl lines N
il WE RG213/U 2
froquency S RPOWEr  TUoq

generalor

Fig. 2.1.1: VHF-GD deposition system schematics (taken from [Prasad 91 and Krall 94a) and
transformed), with all its major components.






2.1.2 Deposition process

A typical, complete deposition proeess is described in detail hereafter: The substrate is first
loaded - after unloading of the last deposition sample - onto the grounded electrode, using a
stainless steel chemically cleaned holder. If needed, in order to minimise film dopam
contamination from the chamber walls and from the electrode surfaces, a dummy layer was
previcusly deposited. A chemically cleaned stainless sieel plate (see annexe (6.1) for chemical
cleaning procedure of stainless steel surfaces) is placed on the powered clectrode. The system is
then pumped down ovemnight (or at lcast for 4 to 5 hours) and the chamber walls are heated. The
substrate temperature value is sct for overnight pumping in the case of a film deposition. if a cell
is planned to be deposited onto a transparent conductive oxide (TCO) coated glass, the substrate
temperature is only set some minutes prior to deposition since the TCO-coated glass does not
support high temperatures for hours under vacuum.

Early next morning, the base pressure and the outgassing rate are recorded to allow for a
control of the reactor vacuum state. The heating of the chamber walls during deposition is stopped
to prevent tao high an outgassing rate which would possibly lead to additional film contamination.
In case of a deposition that involves the mix-chamber, the gas phase mixture is carefully prepared
and the mix-chamber filled to a pressure of about 0.8 mbar.

For film depositions, three individual steps - as listed in Table 2.1.1 - are performed in order to
prepare the chamber surfaces and substrate for deposition. These steps are avoided in case of cell
depositions since the TCQ substrates used arc reputed as not being ahle to support well Ar nor H2
plasma treatments.

Step #1 Step#2 Step #3
Plasma (on / off) On Ofr On
Input power (W) 50 - 20
Gas / flux (sccm} Ar/100 H2/100 Hz/100
Duration (min.) i0 20 s
Pressure (mbar) 0.4 Of deposition Of deposition
Goal / effect "“Strong” Ar ion|[H 32 flushing for|"Soft" H; plasma for
bombardment Ffor|further cleaning of|a final surface
surface cleaning the chamber walls|cleaning of the
and electrode|substirate bhefore
surfaces  whilst|deposition of the
stabilising the|film. Thought to
temperature produce a surface H2
conditions for the|coverage ot the
deposition substrate snrface
Table 2.1.1: Empirical substrate and chamber preparation steps prior to film deposition.

After step # 1, the system is pumped down to the base pressure of about 5x10-6 mbar in order
to extract all the heavy gas phase species created from the high power Ar plasma. All these
preparation steps, cxperimental parameters and explanations that are purely empirical and not
strictly based on detailed experiments, where taken from an carlier work [Prasad 1991] and
subjected 1o some minor modifications.



Then, the gas flows are set and allowed to stabilise for a couple of minutes, the deposition
plasma is ignited manually with the help of a conventional flame igniter and the input power is
carefully adjusted using the matching network in order to minimise the reflected power, Afier the
estimated deposition time required to obtain the expected film thickness, the plasma is switched
off and the gas flow rates are carefully and sysiematically calibrated by measuring the rise in the
chamber pressure over a measured time with the chamber valves closed. The calibration factors
obtained are used to constantly readjust the set points of the mass flow conirollers, This
calibration procedure is absolutely essential for knowing the exact gas phase fluxes prevalent
during deposition. After switching off the gas flows, the chamber is pumped down to base
pressure and the substrate cooled down to about RT by a constant cooling-down rate from 48 up to
90 °C/h, before unloading the chamber. Finally, the deposited films are cut up into different
pieces, for vartous characterisation operations, and the cells are contacted.

2.1.3 Deposition parameters

Different series of microcrystalline films (undoped, compensated, <p>-doped and carbide
<p>-doped) were deposited over a wide range of deposition parameters. This was done to obtain
optimisation of film properties in view of solar cell applications. In the next Table (2.1.2), the
main ¢xperimental parameters used in this work and their scan ranges are listed.

In the next chapler, gach film series is treated in detail, the different characterisation methods
used are described and the corresponding deposition parameters are given.

Deposition parameters Symbols Scan ranges Units
Substrate temperature Tdep 40 - 400 °C
Input discharge power P 3-50 w
Input power density* 23.3m mW/cm?2
Working pressure P 02-1 mbar
Silane dilution** SiHg/tot 1-5 %
Doping ratio** Dopf{Sitlg+CHg4) 0-1 %
Methane ratio™** CH4/(SiH4+CH4) |0-67 Yo
Electrode spacing (with substrate) 15 mimn
Electrode diameter 13 cm
Electrode area 133 em?
l)ischa_rge excitation frequency 70 MHz

* neglecting matching network losses
** pas phase fluxes
TFable 2.1.2:  Deposition parameters used in this work and their scan ranges.

2.1.4 Substrates

For most of the electrical, optical and structural film studies, 0,83 mm thick 8.3x8.3 em? alkali
free glass substrates (DC 7059) were used. Infrared transmission measurements, elastic recoil
detection analyses (ERDA) and epitaxial growth studies were performed on films deposited onto
5 to 7 Lcm resistive polished <p>-type Czochralski (CZ) Si wafer pieces with <100> orientation.
Transmission electron microscopy (TEM) planar view analyses are camried out on films grown
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onto commercial thin copper grids and NaCl (water scluble) substeates. All the substrates
mentioned here are fixed on a glass substrate with the help of a few thin metal rods.

For electron spin resonance (ESR) characterisation, 2 - 3 um thick films are deposited on
aluminum foils which are etched away by HCL after deposition, yielding 1ypically 30 mg powder
material. The cells are grown on glass coated with two different kinds of transparent conductive
oxides (TCOQ), i.e. with eithcr SnO2 or ZnO. Some of the substrates had to be cleaned, cut and
dried prior to deposition following our standard process described in the annexe (6.1). Table 2.1.3
surunarises the different substrates used and their corresponding film characterisation.

Substrates Choaracterisation and analyses

DC 7059 Thickness evaluation using a step profilometer, standard electrical
measurement, pholothermal deflection spectroscopy (PDS),
UV/visible transmission and reflection spectroscopy, spectroscopic
ellipsometry (SE), X-ray diffraction (XRD), Raman speciroscopy, and
secondary ion mass spectroscopy (SIMS)

c-Si wafer Infrared (IR) transmission spectroscopy, cross-section TEM, and
ERDA
Copper grid Planar view TEM
NaCl chip Plonar view TEM
1Al foit ESR
Sn02 and ZnO Solar cell transparent conductive oxide substrates for standard cell
coated glasses characterisation

Table 2.1.3: Complete list of subsirates used, together with the corresponding film
characterisation and analysis methods employed.

It is important to keep in mind here that within a same film deposition run, different substrates
are often simultaneously used, as required for the different film characterisation methods, Jeading
possibly to a variation of film growth depending on the natore of the substrates.

2.2 Deposition system characterisation operation

2.2.1 Power calibration

For reactor optimisation and with goal of enabling a valid comparison between experimental
data from different systems, the true power that is dissipated in & radio frequency discharge is a
crucial parameter, which, however, is by no means easily accessible. In this work, as usuatly done,
the discharge input power is measured with a standard SWR power meter in the 50 Q line before
the matching network; this means that the effective plasma power Pp is generally not known. For
a fixed ptasma excitation frequency and under certain specific plasma conditions, however, the
effective plasma power can be assumed to be proportional to the input power,

At the end of the period of this thesis, we had to transform the deposition system used for this
work in order to make it compatible again, with the newer vacuum and deposition technologies
introduced in our laboratory. This was then the last moment to characterise the effective plasma
power of the sysiem used, before executing these modifications. These mcasurements of cffective
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plasma power will be of great help for future optimisations of the films and devices that will be
deposited in the new system.

The effective plasma power was in this opertion roughly estimated by a "subtractive method”
[Godyak 1990 and Howling 1991). The input power without plasma Pyac is subtracted from the
total input power {with plasma) Ptot to give the effective plasma power Ppl, with the constraint
that both Pyac and Pyg are measurcd for the same electrode voltage. This condition is fulfilied by
slightly adjusting the amplificr power output and re-tuning the matching system. The voltage
probe must be positioned as close as possible to the plasma, so it was fixed behind the
plasma-exposed surface of the rf electrode. In that case, the reactor circuit losses can be assumed
to be in parallel with the plasma power dissipation (a necessary assumption to guarantee the
correctness of the "subtractive method").

Fig. 2.2.1 shows the electrode square peak-to-peak voitage and total input power measurements
for our reactor configuration and for a standard hydrogen plasma (70 MHz, 100 sccm H2 at
0.4 mbar, cold clectrodes and chamber walls). As expected for a linear circuit, (Vpp)2 in vacnum
is proportional to the total input power. The data with plasma show, in contrast to this, a deviation
from a straight line, for low input powers. For the ideal case of a linear dependency, as observed
for input powers higher than 6 W, the plasma conductance is taken to be approximately
independent of power, The data with plasma show a positive intercept with the vacuum line at
about 2 W, and abom 1x103 V2; this point is interpreted to represent a “minimuam sustaining
voltage" or, rather, 3 minimum sestaining plasma power for the glow discharge. This value
corresponds well to the lowest practically observed inpm power for which the plasma can still
burn. The deviation from the linear curve for low powers close to the extinction limit of the
plasma corresponds to the case for which the fraction of power dissipated in the of circuit becomes
large compared to the very low values of actval plasma power. The observed rapid variation of the
plasma power with input power could lead to reproducibility problems for depositions made at
low input power.
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Fig. 2.2.1: Electrode square peak-to-peak voltage and input power measurements according to the
"subtractive method”.



In the high power regime (input power = 8 W) it seems from Fig. 2.2.1 that the effective
plasma power stays almost constani when increasing the input power, indicating that the
additional power furnished to the system is lost somewhere in the network between the amplifier
and the plasma. The author strongly suspects the match-box with its old capacitances (they are uot
vacuum capacitances 1) 1o be responsible for the observed losses at high input powers.

Note; all power values mentioned in this work refer to the total input power and not to the
actual plasma power if not otherwise specified.

2.2.2 Deposition substrate temperature and gas flux calibrations

2.2.2.1 Deposition substrate temperature calibration

The deposition substrate temperature Tdep is regulated by a temperature controller nsing a
coaxial heating coil and a PT-100 temperature sensor positioned inside the grounded electrode. A
temperature difference occurs between the heating block and the substrate due 1o low thermal
conductivity, radiation and convection and thermal inertia of the electrode base plate. This
difference in temperature depends on deposition conditions such as chamber wall temperature,
chamber pressure and plasma power.

A calibration of the deposition substrate temperature of the system used for this work was
already carried out and described in a previous work [Prasad 1991] using another PT-100 mounted
on the substrate surface during trial runs in the absence of plasma. It was shown there that the
effective substrale temperature is always lower under vacuum conditions than the electrode
temperature, and that mereover this temperature difference decreases with increasing pressure. A
hydrogen plasma of 20 W was further shown to increase the substrate temperature by about 20 °C,
reducing thereby the offset between the effective substrate temperaiure and the set point of the
temperature controller. As most of our deposited films were grown using enly relatively low input
power levels (< 10 W), the medifications of the substrate temperatore due to the plasma and to the
ion bombardment at the substrate were neglected.

All film temperatures mentioned in this work - if not specified - are calibrated deposition
temperatures (Tdep). using the calibration curves (Fig. 2.3, p. &) from Prasad's work
{Prasad 19911,

2.2.2.2 Gas flux calibration

We observed experimentally that with time some gas fluxes - especially the silane gas flux -
show non-negligible drifts leading to nor-constant gas flux calibration factors. If one does not
know the e¢xact gas fluxes used for depositioa, this could lead 1o erroneous film deposition
parameters and improper intcrpretation of film characterisation experiments. By using 1he gas flux
calibration method explained hereafter, it is possible ta constantly adjust the calibration factor of
the mass flow controllers leading thus to accurate gas flux values.

The simple gas flux calibration method used is based on the measurement of a constant rate
increase in chamber pressure over a known clapsed time with all chamber valves closed
[Kroll 1994a]. The gas fluxes expressed in the "sccm™ unit (standard cubic contimetre per minute)
have been shown [Kroll 1994a) to be proportional ta the ratio of the pressure rise [mbar] and the
elapscd time [s]. The constant proportionality coefficient which is also called "calibration factor”
is in its turn proportional to the chamber volume and was estimated for our chamber configuration
and typical deposition conditions to be 891 litres. This factor was used to calibrate the gas fluxes
and adjust the mass flow controllers calibration factors after each deposition as just described.
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2.3 Conclusions

In this chapter, a detailed description of our 70 MHz PECVD system and process is given. The
necessary system characterisation technigues are also presented, allowing a clear knowledge and
understanding of the subsequent technological work constituted by film and solar cell depositions.
Since the system used for deposition was already built and exploited since many years, and
belongs to a series of three identical “home-made” reactors in onr laboratory, the anthor did not
spend more lime on what was already done by others but rather took over all this in the form of as
“routine” work and standard "know-how".

The effective plasma power or true power was roughly estimated by a “subtractive method” and
showed to be of great importance for film optimisations and studies. A minimnm sustaining
plasma power of abont 2 W was obtained, corresponding well to the lowest practically observed
input power for which the plasma can still burn. Moreover, for low input power close to the
extinction limit of the plasma, a rapid variation of the effective plasma power with total input
power was shown; this counld possibly lead to reproducibility problems for depositions made at
low input power.

Besides the power calibration, the calibrations of the deposition substrate temperature and of
the gas fluxes are revealed to be essential for the knowledge of the accurate values of the
deposition substrate termperature and of the gas fluxes used for deposition of the specimens.

All the efforts of the author were put into film deposition, characterisation and optimisation for
solar cell applications; the detailed results are treated in the next chapter.
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3 MICROCRYSTALLINE SILICON FILM SERIES
STUDIES

Microcrystalline silicon material with its generally high conductivity, low absorption and
enhanced stability with respect to light-soaking has shown the potential for multiple use in
silicon-based solar cells [Luft 1993 and Meier 1994a). We preseat here detailed studies of full
series on undoped (i.e. slightly <n>-type), "compensated” and boron-doped pc-Si:H film series
and their respective optimisation for solar cell applications. Several series of phosphorus-doped
microcrystalline films were already extensively studied and presented in a previous work
[Prasad 1991).

3.1 Undoped films

The present intensive efforts going on in many laboratories with the goal of developing more
stable thin film solar cell materials, motivated us to stndy undoped yc-Si:H layers as a possible
alternative to amorphous layers in thin ilm silicon solar cells. The deposition temperature and
plasma excitation frequency effects on the film properties of undoped microcrystalline silicon are
investigated here. The effects of the other main deposition parameters on the growth and
properties of undoped pc-Si:H were already presented in a previous work [Prasad 1991].

3.1.1 Temperature series

Results of a systematic study of the variation of the deposition temperature from 40 to 400 °C
are presented for undoped jic-Si:H material, showing the influence of temperature variation on the
electrical, optical and structural properties of these films. The upper deposition substrate
temperatare limit of 400 °C is determined by the "non-bakable" nature of the viton o-rings (upper
temperture limit of 200 °C) used in the present configuration of our deposition system.

3.1.1.1 Experimental

The temperature serics of undoped pe-8i:H material was deposited at a dilution level of 3 %
silane in hydrogen and a total gas flow of about 100 secm. The power measured at the power
meter was 3 W and the deposition temperature Tdep was varied in the range of 40 to 400 °C. The
gas pressure was kept at (0.4 mbar. For a standard deposition temperature of 200 °C this specific
set of parameters has been shown to lead to films of high crystallinity with a volume fraction X¢
of almost 90 % [Prasad 1991). The fitm thicknesses deposited were in the range of 0.2 to 0.6 pm
and the corresponding deposition rates (that slightly decrease with increasing Tdep) were between
0.3 and 0.7 A/s. The detailed experimental description of the different charac(emauon methods
treated in the next part (3.1.1.2) can be found in [Fliickiger 1992].



3.1.1.2 Results and discussion

The room temperature dark conductivity o4 and the dark conductivity activation energy
Eg - determined from the low temperature region (from RT up to about 80 °C} of the Arrhenius
plot of oq - are plotted in Fig, 3.1.1.1, as a function of Tdep. As shown in Fig. 3.1.1.1, the value of
add is always well above the corresponding value for standard vndoped a-Si:H material
(= 1x10-10 $/cm) and increases drastically (five orders of magnitude) with Tdep. In parallel, Eg
decreases from about 0.4 to 0.1 eV. A similar tendency is observed for the illuminated
(60 mWscm2y/dark current ratio (= | + phatofdark) that falls from a value of 10 at 40 °C to 1 for
higher values of Tdep.

The ratio of illuminated to dark current gives structural information in the sense that values
tending towards unity correlate well with a structural evolution towards more crystalline material,
The structural changes that are at the origin of these results will be discussed later. The very low
activation energy values measured - aven much lower than the half gap of c-8i of 0.55 eV- are at
present not fully understood and may be related to an unintentional contamination {(oxygen ?) or to
undetecied doping (P or B) of our nominally undoped material, both of which would shift the
Fermi level EF away from midgap. SIMS and IR transmission spectroscopy analyses shown laier
on will give more details on possible contamination, According to the literature [Wang 19911
certain stiuctural effects such as a high density of states in the grain boundaries that may cause a
Fermi level pinning could possibly also contribute to explain the low values of Eg that are
generally measured for microcrystalline silicon.
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Fig. 3.1.1.1: Room temperature (RT) dark conductivity and dark conduetivity activation energy
as a function of deposition temperature.

In general, our undoped samples have a clear <n>-type character as can be inferred from
thermopower experiment. This <n>-type character of our microcrystalline material is in fact
common for mest undoped amorphous and microcrystalline films deposited by glow discharge
(GD). Finally, the scattering in the data observed in all electrical characterisation techniques of the
films deposited in the temperature range from 100 to 200 °C has so far found no satisfactory
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explanation. Inaccuracy or measurement errors can certainty be exctuded from being the direct
and only cause.

By IR transmission spectroscopy measuremenis one obtains information about
silican-hydrogen and silicon-oxygen chemical bondings [Brodsky 1977, Demichelis 1993 and
Curtins 1986]. The relative changes in the IR absorption peaks of the as-deposited material with
increasing Tdep were analysed. The tendency for all peaks (630 em-1, 900 cm-1, 2000 cm* ! and
2080 ecm-1), except for the 1100 cm-1 peak, is a stight manotonous decreasc with tempenmture,
indicating a reduction of bonded hydrogen content CH in the material. An exception is the
1100 cm-! peak that increases drastically for increased film Tdep from 40 up to 220 °C and then
remains almost constant,

For a more in-depth investigation of the 1100 cm-! peak, which is related ta bonded oxygen
(Si-O groups) [Curtins 1986), we measured the samples some time later again, after a long
exposure to air during about two months. This time-dependent analysis shows an increase of
bonded oxygen only for the material deposited at temperatures lower than 220 °C. For material
deposited at higher temperatures, the oxygen peak remains quite unaffected by further air
expasure. Our low temperature deposited material seems to be quite porous - as will be inferred
from the structural analyses - and that conld be an explanation for the oxygen penetration
behaviour mentianed above.

SIMS measurements performed on three representative samples of the series confirm the IR
transmission spectroscopy results. The concentrations of hydrogen, of the main contaminants (Q,
C and N) and of the dopants (P and B} are plotted in Fig. 3.1.1.2 as a function of deposition
ternperature. (A residual amount of dopants is present in the deposition chamber and
unintentionally dopes our films, even when we want to deposit a serics of "nominally™ undoped
layers).
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Fig. 3.1.1.2: Concentrations of hydrogen, the main contaminants (O, C and N} and (unwanted)
dopants (P and B} in the films as a function of deposition temperature.



The silicon atom coucentration (not plotted) increases slightly from 3x1022 to
4x1022 (atoms/ec) and then stays constant with increasing Tdep. The hydrogen concentration CH
slightly decreases from 4x1021 to 2x1021 (atoms/cc) and the oxygen content decreases from
8x1020 15 1x1020 {atoms/cc) with a minimum of 4x1019 (atems/cc) for the material deposited at
220 °C. Except for carbon, the other elements (N, P and B) show concentration values in the films
lower than 1x1018 (atoms/cc). All the above mentioned main contaminant (O, C and N)
concentration values for our microcrystalline material are higher (by more than one order of
magnitude) than those obtained for conventional device-quality rf GD (13.56 MHz) a-Si:H
[Nakata 1993].

From the values of the SIMS impurity concentrations as shown in Fig. 3.1.1.2, it seems to us
most likely that the oxygen element (0.1 - 2.3 % concentration iu the material) together with
possible structural effects should be responsible for the sirong <n>-type character and very low
dark conductivity activation encrgy values observed in our "nominally undoped” pc-Si:H.

More accurate values concerning the hydrogen coutent CH of the samples were obtaincd by
ERDA measuremeunts. The results are shown in Fig. 3.1.1.3 and confirm the above mentioned IR
transmission spectroscopy and SIMS analyscs. CH decreases when increasing Tdep from 40 10
200 °C and tends to a saturation value of about 5 at. %. For comparison, CH measured by ERDA
on a-Si:H samples deposited in the same temperature range are around a factor two higher
[Finger 1990},

Apgain, the decrease of CH in the matetial confirms the structural evolution towards more
crystalline silicon layers. For low Tdep. the interface (layer-substrate) Ciy valve (the interface is
estimated from this experiment to be about 1000 A thick) is much bigger than the bulk one and the
difference vanishes for higher temperatores (see Fig. 3.1.1.3). The hydrogen accumplation at the
interface for low Tdep could be related to porous and/or amorphous interface material that seems
to vanish for high deposition temperatures.
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Fig. 3.1.1.3: Hydrogen content in the films (minimum bulk and maximum interface values)
determined from ERDA measurements as & function of deposition temperature.

17



Harbeke et al. [Harbeke 1983]) proposcd UV/visible reflection spectroscopy measurements to
determine empirically the near-surface roughness of amorphous and polycrystalline silicon films.
In order to determine the near-surface roughness of our pe-Si:H samples, we measured the
reflectance in the range of 200 to 450 am. Fig. 3.1.14 shows the results for different values of
Tdep in comparison with the reflectance of a <100> oriented polished single-crystal silican wafer
and a standard smooth amorphous layer.

The method previously developed for rapid characterisation of amorphous and polysilicon
films is based on an observation of two reflection wavelengths: A = 280 nm claimed 1a be
influenced by degraded crystallinity and surface texture or "haze” and A = 400 nm claimed to be
inflnenced by surface texture only [Harbeke 1983]. The probing depths for our pe-Si:H films are
estimated to be less than 100 A at 280 nm and less than 1000 A at 400 nm. Compared to these
observations, the reflectance of the smooth a-Si:H layer shows - as cxpecied - no peaks at all and
an overall high value. The polished single-crystal Si shows in contrary two reflectance peaks and
also an overall high value.

The pe-Si:H material deposited at the lJowest temperature of 40 °C shows no peaks at all and
very low reflectance indicating a poor quality porous and/or rongh amorphons near-surface
material. Increasing Tdep results in an increase of the overall reflectance and in the appearance of
a peak at 280 nm. We thus tentatively conclude that by increasing Tdep the near-surface material
becomes of better quality, i.e. more crystalline and less porous or rough (more stnooth and
caompact}, confirming thus all previously discussed characterisation methods. Finally, the material
deposited at 320 °C shows a high crystalline contribution from the reflectance peak at 280 nm and
an ovcrall high rcflectance indicating a high smoothness. The film deposited at the highest
temperature of 400 °C (not plotted) shows a slight decrease of the overall reflectance and could
indicate that too high deposition temperatures could possibly lead to degraded crystallinity; this
hypothesis will be further checked by the structural characterisation techniques (Raman
spectroscopy and X-ray diffraction).
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Fig. 3.1.1.4: Reflectance of undoped pc-Si:H deposited at various temperatures (from 40 1o
32C °C), of a <100> oriented polished single-crystal silicon wafer and of a standard
smooth amorphous silicon film versus wavelength.
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Qur experience in the growth of ue-Si:H thin films by VHF-GD leads us to the statement that
pc-Si:H thin films mostly grow the same way from the bulk of the material until the top of the
films. Only some fow tens of Angstroms of oxide cover the film surface. The "ncar-surface
characterisation technique” just described gives us, thus, directly information on the bulk of our
microcrystalline films. The two reflectance peak positions which are due to optical interband
transitions [Harbeke 1983] are shifted to longer wavelengths for our pe-Si:H material compared to
the polished <100 oriented single-crystal silicon. This indicates differences in the energy band
diagrams between both types of materials.

The suspected increase in film crystallinity by an increase in Tdep could be subsequently
verified. The dependence on Tdep of the structure of eur pc-SitH material was examined by
Raman spectroscopy and X-ray diffraction measurements.

The Raman spectra of five different samples are shown in Fig. 3.1.1.5. It has been established
[Brodsky 1977] that a disordered random network of Si (for example a-Si:H) which lacks
long-range order yields a broad structure near 480 cm1 in the spectrum associated with the
transversal optic (TO) phonon mode. In contrast, a crystalline Si structure is represcnted by one
sharp peak near 520 cm-1 (™25 (k = 0) line).

We have found that all our samples, even the one deposited at the lowest temperature of 40 °C,
have a crystalline feature near 520 cm-L: this is clearly seen in Fig. 3.].1.5. The material deposited
at 40 °C shows also an amorphaus feature near 480 cm- ! implying clearly a coexistence of both
amorphous and crystalline phases. Increasing Tdep results in an enthancement of the crystatline
peak at the expense of the amorphous cne that tends to disappear.

The plot of the position of the Raman crystalline peak frequency as a function of Tdep (not
shown here but visible in Fig. 3.1.1.5) clearly shows a maximum at 520 e for films deposited
at around 220 °C. An increase of the peak frequency of the crystalline component in the Raman
spectra is said (o be correlated with an increase of the crystallite size and a decrease of the lattice
expansion [Igbal 1982].
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Fig. 3.1.1.5: Raman spectra of yc-Si:H samples as a function of deposition temperature.
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The FWHM (full width at half maximum} of the Raman crystalline peaks (not shown here but
visible in Fig. 3.1.1.5) shows a monotonous decrease from 7 to 5 cm-! as a function of Tdep,
where it saturates even for a further increase in Tdep. A linewidth decrease is associated with a
decrease of the disorder at the boundaries of the crystallites which, in its tum, leads to an
increascd phonon lifetime [Igbal 1982].

Thus, the decrease of the peak frequency of the crystalline component in the Raman spectra of
films deposited at temperatures higher than 220 *C is suggested, from a similar study [Igbal 1982],
to be due to a decrease of the crysiallite size (andfor to mechanical stress in the films). These
resnlts clearly confirm the reflectance analyses previously discussed.

The X-ray diffraction measurements contain signaiures for different crystallographic planes
from which one can derive information on preferential orientations of crystzallites and the mcan
value of the grain size. The diffraction patterns of our pe-Si:H material (Fig. 3.1.1.6 for the film
deposited ar 220 °C) show iwo sharp peaks, characteristic of the <111> and <220>
crystallographic planes, at the angular positions which satisfy the Bragg condition; 20 = 28.45°
and 47.31 °, respectively. The other main crystallographic planes (<311>, <400>, <331> and so
on) are not visible because of their too low intensitics. The diffraction patterns observed
correspond well with the diffraction patiem of Si powder indicating a homogenous distribution of
crystallites in all directions (randomly oriented) with no preferential growth direction of the filrs.
Moreover, the microcrystalline films are determined to be of ¢-Si cubic phase with a lattice
constani a = 5.4309 A.
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Fig. 3.1.1.6: X-ray diffrection pattem of the pe-Si:H film deposited at 220 °C.

For crystallites having a limiied dimension, one can determine, by Scherrer’s equation, the
average size & of the grains using the full width half maximum (FWHM) of a selected peak
[Scherrer 1918). This method yields the mean extension of the crystallites in the direction
perpendicular to the chosen lattice plane. Based on this, we estimated the crystallite size of the
different samples using the main peak at 20 = 28.45 ° for the <|1|> crystallographic planc
{Fig. 3.1.1.7). We observe (see Fig. 3.1.1.7) when increasing Tdep 2 monotonous increasc of b
from 100 A 10 a saturation valve of 250 A reached at high temperatures. As reported by Veprek
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[Veprek 1991} the evalnation by Scherrer’s equation is correct only in the absence of mechanical
stress in the film. Moreaver, the peak broadening in the X-ray diffraction pattern due to internal
mechanical stress is said [Veprek 1991] to become dominant at depasition temperatures above
300 °C for plasma deposited silicon films for which the crystallite size apparently approaches a
constant value of 150 - 250 A. For these films [Veprek 1991], the crystallite size evaluation from
Scherrer’s equation is, thus, no more carrect for deposition temperatures abave 300 °C.
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Fig. 3.1.1.7: Crystallite size determined by Scherrer's equation and Warren-Averbach’s method as
a function of deposition temperature.

Te investigate this above mentioned problem mare profoundly we undertook an independent
evaluation of the crystallite size by using the Warren-Averbach method [Warren 1959] that
performs a Fourier analysis of the peak profiles. This methed - that works well for crystallite sizes
in the range of 25 10 500 A - leads to the average crystallite size of the material determined this
time from both main diffraction peaks {«111> and <220>). Besides some scattering in the data,
we observe (Fig. 3.1.1.7} - as expected - a monotenous increase of & with Tdep in the studied
temperature range of 40 to 320 °C: Because of computer evaluation problems some points are
unfortunately missing here, especially those of the 2 especially interesting films deposited at 360
and 400 °C and, thus, nothing more can be said te the trend for higher temperatures. The values of
& are seen to be a little less than a factor two higher than those obtained by Scherrer’s equation.
This observation of higher values for § obtained from Warren-Averbach’s method is aimost
general; the differences abserved in the evalnation of the crystallite size by using both above
mentioned methods are due to different ways of evaluation, since, one more time, in our case only
the <111> diffraction peak was used for the evaluation from Scherrer's equation while both <111>
and <220> diffraction peaks were used for the evaluation from Warren-Averbach's method.

Thus, the apparent upper limit of the crystallite size as obtained from Scherrer’s equation is
possibly an artefact due to the finite contribution of intemal mechanical siress in the films. It was
alsa shown [Veprek 1991]) that the presence of oxygen impurities in the plasma during the film
deposition could be respansible for a structural transition ta amorphous material. SIMS analyses
shown in Fig. 3.1.1.2 show a slight increase in the oxygen content for films deposited at
temperatures higher than 220 °C and this effect could therefore also explain the apparent upper
limit of the crystallite size as obtained from Scherrer's equation. While the relatively low upper
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deposition temperature limitation of the deposition system of 400 °C and the missing data
- leading thus unfortunately to only very few films deposited at temperatures higher than 300 °C -
hinders us in discriminating between these two possible explanations from these above discussed
X-ray diffraction measurements, the UV/visible reflection spectroscopy analyses and the Raman
spectroscopy analyses definitely snpport the second one.

Generally, high resolution electron micrograph (HREM) images obtained from
transmission electron microscopy (TEM) enable one to see details of the film structures,
namely: the crystalline and amorphous zones, crystallographic defects and grain boundaries. A
micrograph image obtained by transmission of our pc-Si:H deposited at 200 °C is shown in
Fig. 3.1.1.8. The brighter zones represent the crystallites satisfying the particular Bragg diffraction
condition chosen for the taking of the picture. An evaluation of the average & from TEM gives a
value of about 200 A which corresponds well to the value cbtained from the X-ray diffraction
measurements using Scherrer’s equation (see Fig. 3.1.1.7).

Fig. 3.1.1.8:High resolution electron micrograph (HREM) image obtained from TEM by
transmission of a pe-Si:H film deposited at 200 °C.

Finally, as already mentioned at the beginning of this series study, the deposition rate shows a
tendency to decrease slightly with increasing Tdep (from 0.6 - 0.48 A/s when increasing Tdep
from 40 - 360 °C for the chosen set of deposition parameters). An explanation for this may
perhaps be found in the following effect: The deposition rate for pc-5i:H is generally smaller than
the deposition rate for 2-S8i:H and therefore the observed and confirmed structural modifications
towards more crystalline material (higher crystallinity) could possibly result in the observed
decrease in the deposition rate.
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3.1.1.3 Conclusions

Using the VHF-GD iechnique at 70 MHz, good quality pc-Si:H material is produced in a
highly diluted silane glow discharge at low input discharge power and relatively low deposition
temperatures.

The variation of Tdep for undoped layers in the wide range of 40 °C to 400 °C results in
<n>-type yc-Si:H - as indicated by the low dark conductivity activation energies and thermopower
experiment (not shown in this work) - tending for higher deposition temperatures towards more
crystalline (higher crystallinity) and denser material: less hydrogen, less concentration of
contaminants and unwanted dopants, smoother surface, larger crystallite size and also higher
crystalline volume fraction, as concluded from all the electrical, optical and structural
measurements presented above.

However, a decreased crystallinity is strongly suspected for temperatures higher than abont
320 °C but has so far not been definitely confirmed by the author due to the relatively low upper
system temperature limit of 400 °C leading to only very few experimental data for films deposited
at temperatures higher than the critical value of 320 °C. A detailed and complete characterisation
of a large number of films deposited in the temperature range of 300 to 500 °C would definitely
confirm the above suggested hypothesis. Note that for our device applications of solar cells, the
usuzl deposition temperatures are at present limited to abont 220 °C, for the p-i-n's.

This deposition temperature series for nndoped pc-Si:H allows us to obtain material with a
wide range of electrical, optical and structural properties. A first application of our undoped
pe-5iH layers in an entirely pe-SitH p-i-n solar cell (described in chapter 4) leads to the important
observation that one can really extend the spectral response of the solar cell to longer wavelengths.
These preliminary results published in part in [Fliickiger 1992] show that yc-8i:H is a new
promising solar cell material.
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3.1.2 Comparison between standard 13.56 MHz UHV and 70 MHz VHF HV
PECVD deposited film series

We report here on a comparison between two temperature serics of “nominally” undoped
pe-SitH films, one deposited by standard 13.56 MHz ulira high vacuum UHV (modular
multichamber system) and the other by "our” 70 MHz VHF high vacuum HV (singlc chamber
system) PECVD techniques. The first one was carried out under UHV conditions (minimum
chamber base pressure < 1x10-6 mbar) in a modular multichamber system preventing both the
incorpomtion of residual impurities and cross contamination beiween different layers, the second
cne wnder HV conditions {minimum chamber base pressure of about 1x10°6 mbar} in a standard
single chamber system. Particular atiention has been devoied to differences and similarities
between structural, compositional and electrical properties of the filims deposited by the 1wo
different systems when the substrate deposition temperature was varied.

While by standard 13.56 MHz PECVD microcrystallite formation occurs onty if the hydrogen
dilution of silane is higher than 99 % and at deposition rates below 0.1 Ass [Tsai 1988], the
70 MHz VHF PECVD method was demonstrated as being able of growing plc-Si:H films already
at hydregen dilution of silane higher than 95 %, at low substrate temperatures and at deposition
mates as high as 0.7 Ass [Fliickiger 1992] (or even higher 1).

The summarised results presented here are further treated and developed in detail elsewhere
[Fliickiger 1995a] where the plots are also shown; this resuits from a scientific collaboration
beiween our group and the group of Prof. F. Demichelis of the Politecnico di Torino (Italy). The
70 MHz VHF HV PECVD depasited temperature series presenied here was already treated and
discussed in detail in chapter 3.1.1 (this work).

3.1.2.1 Experimental

Both sets of "nominatly” undoped ypc-Si:H films, those deposited by an ultra high vacuum
standard 13.56 MHz PECVD [Madan 1993) system and those deposited by our high vacuum
70 MHz VHF PECVD system [this work, chapter 2], were deposited using a gas mixture of silane
and hydrogen at differem substraie temperatures. The detailed deposition parameiers are described
in Table 3.1.2.1.

70 MHz VHF HV PECVD
system (deposited in our
laboratory)

Standard 13.56 MHz UHV
PECVD system (deposited
at Toring)

Inter-electrode distance,
electrode surface and shape

15 mm, 133 em2, disk-like

25 mm, 100 cmz, square

H2 flow rate, SiH4 flow rate
and gas phase dilution
(H2/tot)

100 sccm, 3 scem, 97 %

100 secm, 1 scem, 99 %

Pressure 40 Pa 100 Pa

RF input power and plasma |3 W, 8 mW/cm2 4W, 5 mW/cm2
power density 8 W, 13 mW/cm?2
Substrate temperatore 60 - 320 °C 70 - 265 °C

Table 3.1.2.1: Deposition parainetets of both sets of "nominaily” undoped pc-Si:H films, those
deposited at plasma excitation frequency of 13.56 MHz and those at 70 MHz.
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As can be seen in Table 3.1.2.1, the deposition parameters are almost identical for both sets of
films, except for some minor differences. The detailed experimental descriptions of the different
characterisation techniques used to obtain the results described in the next part (3.1.2.2) as well as
detailed plots illustrating the results can be found elsewhere [Flisckiger 1992 and Fliickiger 1994].

3.1.2.2 Summarised results and discussion

For a fruitful application of "truly intrinsic" {midgap material) pc-Si:H films as active layers in
salar cells [Wang 1990 and Meier 19%4a] certain technological problems, such as the achievement
of a high deposition rate as well as that of a good film adhesion to the substrate have to be solved.
We compare therefore deposition rates and substrate adhesion of pe-8i:H films deposited by both
standard 13.56 and 70 MHz VHF PECVD technigues.

The deposition rate of the films deposited at the plasma excitation frequency of 70 MHz is
about 0.7 Afs (or even higher for higher input power densities), while that of films deposited at
13.56 MHz is as low as 0.1 A/s for quite similar deposition conditions (see Table 3.1.2.1). This
strong increase in the deposition rate at higher plasma excitation frequencies, by almost one order
of magnitude, was already observed for he deposition of amorphous silicon [Curtins 1987] as
well as for microcrystalline silicon [Prasad 1991 and Finger 1994].

The adhesion of the films to the substrate revealed to be good enough for the films deposited at
70 MHz to allow the growth of microcrystalline samples of a few micrometers thickness
[Meier 1994a}. In contrary, for the films deposited at 13.56 MHz, the adhesion was not good
enough, since problems of "peeling-off" occurred already when depositing 5000 A thick films. An
independent plasma excitation frequency study on pc-SizH clearly showed through TEM analyses,
that intemnal mechanical stress is larger at lower plasma excitation frequencics [Luysberg 1993].
Thus, the adhesion of the films to the substrate is certainly related to the intemal mechanical stress
of the films.

The electrical properties of both sets of films show certain minor differences. The values of
the dark conductivity o4 for all films, as deposited by both technigues, are orders of magnitude
above those of device-quality a-Si:H films (for which od < 10-10 S/cm) and increase with Tdep
(see Fig. 3.1.1.1 for the films deposited at 70 MHz). The values of 6 for the films deposited at
13.56 MHz show a slight deviation from the monotonous increase up to the saturation value
observed for those of films deposited at 70 MHz (see Fig. 3.1.1.1) and less than two orders of
magnitude lower values. These observed differences are supported by the dark condoctivity
activation energies,

The elemental composition of the ne-8i:H films, deposited at both 70 and at 13.56 MHz
plasma cxcitation frequency show the presence of oxygen for all films, with atomic concentrations
lower than 3 %. Furthermore, the films deposited at 13.56 MHz show a slightly lower hydrogen
content (about a factor two lower for the lowest Tdep of 86 °C with a relative difference tending
to about 10 % for films deposited at high temperatures) as determined by resonant and nuclear
reaction, ERDA and IR transmission spectroscopy. The hydrogen content for the films deposited
a1 70 MHz determined from ERDA measurements were already presented in Fig. 3.1.1.3 as a
function of the deposition temperature, A monotonous decrease of CH down to a saturation value
of about 5 at. % when increasing Tdep was reported.
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The microcrystallinity of all samples was verified by Raman spectroscopy and X-ray
diftraction measurements. Both sets of films exhibit Raman spectra with a narrow peak around
520 cnr ! and o shoulder at about 480 cm-!. As Tdep increases, the shoulder decreases suggesting
that those films that contsin even a certain crystallinity fraction at the lowest deposition
temperatures are becoming more crystalline (higher crystalline volume fraction). Moreover due to
the influence of the crystallite size (that increases with Tdcp) [Igbal }1982], the Raman c-Si peak is
observed to shift from 514 to 520 cm-1. No direct observable differences between both sets of
films were obtained by Raman spectroscopy, as was also shown in 8 recent plasma excitation
frequency study (13 - 120 MHz} of pe-Si:H films deposited at 200 °C [Hapke 1995].

The X-ray diffraction specira were analysed for both sets of films, with Tdep ranging from
60 to 280 °C. In all the spectra, the main <]111> and <220> diffraction peaks due to the crystal
orientations are ohserved. The main difference between the two sets of films is a transition in the
13.56 MHz deposited film structure for Tdep > 200 °C: For temperatures below 200 °C, there is a
predominance of the <111 diffraction peak which can be associated with a random distribution
of the crystallite orientations, whilc for temperatures above 200 °C, the <2202 diffraction peak
- which is ofien correlated with a columnar growth [Prasad 1991] - becomes predominant. For the
samples deposited at 70 MHz, the crystallite orientations remain mostly random for the range of
Tdep investigated.

The average crystallite size § analyses, as deduced from the <111> diffraction peak by using
Scherrer's equation [Scherrer 1918], Jead us to conclude the same trend of & versus Tdep for hoth
sets of films (sce Fig. 3.1.1.7 for the films deposited at 70 MHz), except that the maximum
crystaliite size is higher (255 A) for the films deposited at 70 MHz than the size observed (180 A
for the films deposited at 13.56 MHz. Similarly, Finger et al, [Finger 1994] has shown in a plasma
excitation frequency study of pc-Si:H deposited films, an increase of the average grain size
determined by X-ray diffraction experiments with excitation frequency from 130 A at 27 MHz to
320 A at 120 MHz. Note that X-ray diffraction measurements only give an average grain size and
the straightforward use of Scherrer's equation can severely underestimate the grain sizes
[Veprek 1991].

All these differences just mentioned between the properties of pc-Si:H films depeosited at both
plasma excitation frequencies of 13.56 MHz and 70 MHz are summarised for more clarity in
Table 3.1.2.2, presented hereafier.

26



Characterisation 70 MHz VHF HV PECVD|Standard 13.56 MHz UHV
system (deposited in onr|PECVD system (deposited at
labaratory) Torina)

Deposition rate 207 Ass = 0.1 Afs

Filin adhesian

Satisfactory; growth of filins of a
few micrometers thickness

Toao low; problems of "peeling-
off" already when depositing
5000 A thick films

ad

Electrical properties:

Monotonans increase when
increasing Tdep vp ta the
saturation valne

Slight deviation from the
monotonons increase and less
than two orders of magnitnde
lawer valpes

Hydrogen cantent

Monetonons decrease when
increasing Tdep down to the
saturatian valpe

Same trend but slightly lower
values; relative difference
decreasing from 50 ta 10 %
when increasing Tdep

X-ray diffraction

Predaminance of the <ill>
diffraction peak for the entire
range of Tdep (60 ta 280 °C),
related to a randam distribution
af the crystallite arientations.
Maximum 3 of 255 A, as

Transition of the predaminant
diffraction peak from <Iii> t0
<220> far Tdep > 200 °C,
spnggesting & stroctoral
transition t0 a columnar
growth. Lawer maximum & of

180 A

Table 3.1.2.2: Differences between the properties of both sets of "nominally” undoped pe-5i:H
filins, those deposited at plasina excitation frequency of 13.56 MHz and those at
70 MHz.

evaluated by Scherrer's equation

All these differences mentioned above (and listed in Table 3.1.2.2) between the properties of
pe-Si:H films deposited at 13.56 MHz and those of films depesited at 70 MHz can tentatively be
related to differences in plasma chemistry, plasma physics and growth kinetic. As a matter of fact,
results from plasma diagnostics [Howling 1992 and Heintze 1993a] and plasma impedance
analysis [Kroll 1994] suggest (hat an ion bombardment with higher ion densities but lower
average ion energies and 2 higher atomic hydrogen and radicals flox on the growth surface lead to
favourable growth conditions for pe-Si:H at VHF plasma excitation. A higher gas phase
dissociation in the bulk of the plasma is furthermore also suggested.

Thus, the higher deposition rate associated with the VHF plasma excitation can tentatively be
explained by the higher ion, atomic hydrogen and radicals fluxes and the higher gas phase
dissociation in the bulk of the plasma. The simultaneous increase in the growth rate and in the
grain size of pc-Si:H depesited by VHF-GD at low deposition temperature is further suggested to
be due to an effective selective etching of the disordered material creating, thus, more space to
develop crystalline grains while at the same time also more space for faster growth of the
crystallites becomes available [Finger 1994].

On the other hand, the bombardment of the growth surface with low average ion energies could
reasonably contribute to the low value of intemal smechanical siress suspected in the pe-SizH films
deposited at 70 MHz - as observed for a-Si:H [Kroll 1994a and Dutta 19927 and pc-Si:H
[Luysberg 1995] - the same phenemenon could perhaps also explain the satisfactory fitm adhesion
to the substrate and the onset of microcrystallinity already occurring at a hydrogen dilotion of
95 %. This is probably not linked in such a simple manner, since, after all, stress and adbesion
depend on many other factors. The film structure transition for the layers deposited at 13.56 MHz,
and for Tdep > 200 °C from a homogenous growth (randomly oriented crystallites) to a columnar
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growth (as suggested by the X-ray diffraction data of Flickiger et al. [Fliickiger 1995a}) can
possibly, also, be associated with the high-energy ion bormbardment encountered at 13.56 MHz.

Finally, the observed difference in the grain size can possibly explain the slightly lower values
of g as observed for the films depostied at 13.56 MHz. Alsq, lower hydrogen content which is so
low, as not being able to saturate all the defects and relax the strains at the crystallite
intereonnections, can possibly lcad 10 higher potential barriers at the grain boundarics, resulting,
thus, in a deterioration of the electrical properties. Moreover, hydrogen that is known to be
prevalently located at the surface of the silicon crystallites [Demichelis 1993], can decrease
internal mechanical stress and improve 1he adhesion of the films 1o the substrate.

3.1.2.3 Conclustons

We have compared the structural, compositional and electrical properties of pc-Si:H films
deposited by a standard 13.56 MHz UHV PECVD system in another laboratory with those of
pe-SicH films deposited by us with a 70 MHz VHF HV PECVD system, for deposition
tempceratures between 60 and 320 °C. The main advantages of the very high frequency-glow
discharge technique at 70 MHz with respect to the deposition of microcrystatline films have been
pointed out.

The deposition rate of films deposited at 70 MHz is revealed 10 be about on order of magnitude
higher that of films deposited at 13.56 MHz and pc-Si:H films deposited at very high frequency
show @ better (and satisfactory) adhesion to the substrate cven for thicknesses of some
micrometers. Furthermore, improvement in the grain size and in the electrical properties for the
films deposited a1 70 MHz underlines the potential in choosing the VHF-GD technique for device
deposition such as solar cells instead of the standard 13.56 MHz glow discharge method.

3.1.3 General conclusions

The effects of the deposition temperature and of the plasma excitation frequency on the film
properties of "nominally” undoped pc-Si:H films were investigated, pointing out the main
advantages to use the VHF-GD technique at 70 MHz, as developed at our laboratory.,

Using the VHF-GD technique at 70 MHz, good quality pe-Si:H material is produced in a
highly diluted silane glow discharge at low input discharge power and relatively low deposition
temperatures. A variation in the deposition temperature leads to a wide range of film propertics
with films tending at higher deposition temperatures to be more crystalling (higher crystalling
volume fraction) and to form a denser material. VHF-GD has been shown to produce pc-Si:H
films at high deposition rates with low suspected mechanical stress and a satisfactory adhesion to
the subsirate; These being the essential conditions for the growth of thick pc-SitH films as
photovoltaic active layers in solar cells.

"Nominally” undoped films were shown 1o have the usual <n>-type characier as most GD
deposited films and have to be compensated by boron micro-doping for fruitful applications as a
photovolaic active material. This compensation mechanism as well as the film properties of
compensated ("truly intrinsic” midgap material) uc-Si:H are treated in the next chapter (3.2).
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3.2 Compensated films

Since the discovery in 1977 of the "Stachler - Wronski effect” [Staebler 1977] in hydrogenated
amorphous silicon material (a-Si:H), a wide effort is being undertaken to obtain more stable
material, especially for photovoltaic applications. Until now, this problem has not been fully
solved. Preliminary work done with hydrogenated microcrystalline silicon (jc-Si:H)
[Lin 1986 and Williams 1991} shows that this material does not degrade as much as a-Si:H and
that it has the potential to become a new material for photovoltaic devices [Fliickiger 1993,
Meier 1994a and Williams 1991]. Moreover, microcrystalline silicon has, in general, lower optical
absorption in the visible than amorphous silicon. It has, however, higher absorption in the infrared
range [Fliickiger 1993 and Meier 1994a]. Because of all these properties, fully microcrystalline
p-i-n diodes may find their use within tandem structures, and it is towards this goal that we have
studied "truly intrinsic” {(midgap material} pic-Si:H layers.

As previously reperted in chapter 3.1, we found that "nominally" undoped pc-Si:H has a
slightly <n>-type character; this being already reported in earlier work [Wang 1990 and
Willeke 1992]. Now, in the present study, we will try to obtain more insight into the doping
compensation mechanism of pe-Si:H. Compensated layers are deposiied by adding low quantitics
of diborane into the gas feed input of the plasma. The stability of such compensated pe-Si:H films
was analysed under strong light illumination (fast degradation) and a detailed sindy of the
electrical transport properties as a function of the doping level has been undertaken. The
interpretation of our resulis is based on previous transport stndics on microcrystatline silicon
[LeComber 1983, Lucovsky 1993, Hapke 1993, and Rubino 1993]. The present study has already
been partially published elsewhere [Fliickiger 1995].

3.2.1 Experimental

In order to compensate the pe-Si:H material in the vppm (volume part per million) doping
range (a technique we will henceforth call "micro-doping"), an additional mixing chamber was
installed at the process chamber (see Fig. 2.1.1).The gases used were silane (SiH4), hydrogen (H7)
and diborane (B2Hg). The films were deposited at a dilution level of 3 % silane in hydrogen and a
total gas flow of about 100 scem. The micro-doping gas phasc ratio (B2Hg/SiH4) was varied
between O (undoped) and 10 vppm. The power measured at the power meter was 3 W. The
substrate deposition temperature Tdep was 220 "C and the gas pressure was kept at 0.4 mbar. The
film thicknesses were in the range of 0.4 um and the deposition rates obtained were around
0.5 AJs. These deposition parameters lead to high crystallinity films, with a crystalline volume
fraction X¢ of almost 90 % (not shown here). Furthermore, the crystallinity is expected not to be
affected much by the micro-doping experiments [Finger 1993] and should hence be similar to that
of the previously treated undoped ple-Si:H film series (3.1). The detailed experimental descriptions
of the different characterisation methods mentioned in the next part (3.2.2) can be found elsewhere
[Fliickiger 1995].
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3.2.2 Results and discussion

To be able to judge the results of the degradation studies we have first to understand the effects
of the compensation experiments. The slightly <n>-type character of the "undoped” as-grown
Me-Si:H (see 3.1) material (to be termed more precisely as "not intentionally doped™) is
compensated by systematically adding small amounts of diborane (micro-doping) into the gas
phase, pushing thus the Fcrmi level (EF) towards midgap.

Fig. 3.2.1 shows the boron concentration [B] (at/cc) in the films (bulk values) as a function of
the micro-doping gas phase ratio (B2Hg/SiH4) obtained from SIMS (secondary ion mass
spectroscopy) measurements. One can observe the pronounced onsct of the boron incorporation
into the films at a doping gas phase ratio of about 3 vppm. The concentrations of phosphorus,
hydrogen and of major impurities incorporated into the films, are constant over all samples and are
as follows: Cp =3x1016, Cg = 3x102), Co = 2x10!% (1), Cc = 1.5x1018 and
CN= 1x1016 (at/cc). As we w11| see later, the compensated film (lowest dark conducuvuy and
highest dark condnctivity activation energy) has a boron concentration of about 3x 1018 (atec) for
a micro-doping gas phase ratio of about 1 vppm, this vatue (boron concentration} corresponding to
the phosphorus concentration mentioned above. So, besides the N and especially O
contaminations, the phosphorous atoms present conld possibly also contribute to the slightly
<n>-type chbaracter of the "undoped"” films. Another recent study done jointly by our gronp and the
Jilich group [Finger 1993} dealing with compensation by the two types of dopants (P and B}
showed, surprisingly, an optimum compensation for a | : 1 mixtare of PH3 and B2Hg.

1019 W

compensatiom

[B] [at/cc] from SIMS measurements
[~
(=]

1016 1 / / e
<n>-type <p>-type
10'° ///
1

undoped 0.01 0.1 100
BZHﬁISIH4 (vppm micro-doping)
Fig. 3.2.1: Boron concentration [B] (at/cc) in the films (bulk values) measured by SIMS as a

function of the micro-doping gas phase ratio (B2Hg/SiH4) in vppm (volume parts per
million). The undoped film is arbitrarily placed at the left hand side of the x-axis.

Other groups [Wang 1991] have proposed as an alternate explanation, that the <n>-type

character is due 10 the distortion of the network at the transition between crystallites and the
surrounding amorphous matrix (or grain boundaries), leading thereby to a density of states
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distribution that allegedly pins EF at the grain boundaries near the conduction band of the
crystallitcs. Whereas such an effect may also be present, we definitely suggest that the involuntary
incorporation of contaminants and dopants is the main reason behind the <n>-type character of
"undoped" or, rathcr, "not intentionally doped” films as already partially proposed in section
3.1.1.2 above.

Fig. 3.2.2 shows the cffect of the compensation experiment on the room temperature dark
conductivity and on thc dark conductivity activation energy as a function of boron
concentration [B] {(at/cc) measured in the films by SIMS. It can clearly be seen that the Fermi Icvcl
position reacts sensitively to the diborane partial pressure via the boron incorporation level.
Micro-doping shifts the dark conductivity over a wide range from 2x10-3 (S/cm) for the undoped
material 1o 3x10-8 (Sfem) at ~ 3x1016 B/cc. In the same way, the activation energy increases from
107 meV to the maximum value of 618 meV. Further doping leads 10 a very sharp increasc of 6d
and 10 <p>-typc matcrial [Willeke 1992 and Wang 1990] and, for polycrystalline layers
[Seto 1975], with values for Eg that become once again smaller. (The electrical properties of the
<n>-type material are studicd in detail in [Richter 19811).

In analogy with a study of boron doping in polycrystalline silicon [Seto 1975}, such a sharp
increase in the dark conductivity may be interpreted as being the result of the increase in carrier
concentration and mobility. (Note that another recent study of our group [Finger 1993] dealing
with compensation by the two types of dopants (P and B} did not lead to such a low dark
conductivity value (6x1 -3 (S/cmy}), as the one obtained here in the present work). The Arrhenius
plot of the dark conductivity shows for higher temperatures (100 - 200 *C} a slightly steeper
decrease than for temperatures below 100 *C. We plotted the lower values of Eg - determined
from the temperature range of 29 - 82 °C - which correspond to the RT canductivity points drawn
in Fig. 3.2.2,

107! - — 1
= SIS TSNS, ' T

5 .2 %ﬂu-type/, <p>-type E
» 10 // 2 £
= s b ‘e =S
o° 107§ s g
. = S
-*E. 10°¢ g gj
2 o5 B {0.1 §
_g 10 3 E 9:
H -6 o —e—oG -
S 10°f 4 e
—a—E —
£ 107 : P

= 100 R — - 0.01

1015 1016 1017 1018 1019

[B] [at/cc] in the films measured by SIMS

Fig. 3.2.2: Dark conductivity (at room temperature) and dark conductivity activation energy as a
function of the boron concentration [B] (at/cc) measured in the films (bulk valuees) by
SIMS. The compensation point is obtained at a doping gas phasc ratio of aboulﬁl vppm
(B2Hg/S5iH4), corresponding to a boron concentration (SIMS) of abont 3x1016 (avec)
in the film.
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The doping gas phase ratio needed here to achieve the compensation of the material at
~ 1 vppm - corresponding to a boron concentration value of about 3x1016 arfee - is significantly
lower than those reported by [Williams 1991 and Wang 1990] using a remote plasma enhanced
chemical vapour deposition (RPECVD) system; in the latter work, compensation was obtained for
a boron coneentration of 5x1017 (atfce). Furthermore, the remote PECVD deposition leads to
maximum values of Eg around 0.7 eV {Williams 1991 and Wang 1990], i.e. slightly higher values
than those found here (0.618 eV). This difference may be due to a higher bandgap prevailing in
the RPECVD material - possibly, the higher bandgap arises from a lower crystalline volume
fraction - or simply from differences in the og temperature range for which the Eg values were
estimated.

In Fig. 32.3 we plot gjllfod and Gphoto (at 100 mWiem?2) as a fanction of the horon
concentration (at/ce) in the films as measured by SIMS. To avoid confusion with the notation, we
will write:

Gill = Ophoto +3d (1)
with gi[] = conductivity as measured under #lumimation, Ophoto = photoconductivity (calculated
from equation (13} and finally og = dark conductivity. Gjjl/og shows a similar curve to the one for
Eg: the same is true for Ophoto and od. Gjj)/0d shows a maximum value of about 6x10% around
compensation, whereas Ophoto exhibits a minimum of 1.5x10% (S/em),
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Fig. 3.2.3: oj)i/og and Ophoto (at 100 mWIcmz) as a function of the boron concentration [B]
(at/ec) in the films measured by SIMS. g;)) is the measured value of conductivity
under illumination, &4 the dark conductivity and Gphoto the calculated
photoconductivity (equal to aj]] - o).

This maximum of the photoconductive gain at 100 mW/em2 for our compensated pc-5i:H is a
littte higher than the one observed in [Lucovsky 1993] for both RPECVD and reactive magnetron
sputeering technique deposited films and measured there under 0.5 AM] illumination. These high
vajues of photoconductive gain could be an indication that pe-Si:H can indeed be used as a
photovoltaically active material.

In order to cxplain the minimum in phatoconductivity obtained for compensated pec-SicH, we
propose the following line of thought. One may compare this minimum to a similar minimum
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observed in a previons study [Pipoz 1992] for compensated amorphaus silicon films. 1t was found
there that a transition from one type of dominant free carrier to the other (nf = pf) is responsible
for the minimum in photoconductivity observed on this particular compensated film. A similar
effect may also prevail in the present series of yc-Si:H films.

Very generally, Ophoto is given by the {average) carrier density under illumination (this carrigr
density is at least in our case, for which the photoconductive gain is relatively high, i.e. > 103,
much higher than the carrier density at thermal equilibrium) that is limited or governed by
recombination. Now, recombination shows a maximum (both in the Shockley-Read-Hall (SRH)
case, as well as for the three charge states model of the dangling-bonds developed by our group
for compensated and slightly doped a-Si:H {Hubin 1994] which is the more appropriate case here)
when nf = pf. (Very generally, recombination is always a iwo-carrier process invelving holes and
electrons and is approximately proportional to the prodoct of nj by pg). Hence, if recombination is
maximum, Gphoto i§ minimum.

Unfortunately, at present we do not have the needed transport measurements on these
compensated films to be able to definitely confirm the above developed explanation.

The absorption in the snbgap region as measured by PDS {photothermal deflection
spectroscopy - the corresponding experimental set-up being described in detail in
[Custins 1988]-) is shown for the compensated film (0.9 vppm micro-doping gas phase ratio) in
Fig. 3.2.4.
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Fig. 3.2.4: Absorption of the compensated film (0.9 vppm micro-doping gas phase ratio)
measured by PDS and calibrated through transmission/reflection data. The calibration
of the PDS spectrum was done at 500 nmn (2.07 eV).

The PDS spectra were calibrated at 600 nm from transmission and reflection spectroscopy
measurements by neglecting the multiple reflections and using the expression T / (1-R)
[Summonte 1993]. The low photon energy (< 1 €V) absorption value for this film is < 10 cm-!
and this is remarkably low for jlc-Si:H material (see also [Meier 1994a] for the PDS spectrumof a
1.8 pm thick compensated pc-Si:H film). For comparison, a pe-Si:H film compensated by the use
of two types of dopants, i.e. P and B (our previous serics) shows an absorption valne higher than
30 eme! [Finger 1993], whereas the high photon energy (> 1.5 eV) absorption is very similar for
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both series. RPECVD compensated ("truly intrinsic” midgap material) pe-8i:H also shows a
higher subgap absorption [Wang 1990].

We also measured (but did not piot) the absorption as a function of micro-doping in the region
0 - 3.3 vppm (gas phase ratio) and observed identical spectra with small variations in the low
photon energy absorption values, these variations are less than a factor of three. Similarly, work
done previously on compensated a-Si:H films by our own group [Savvain 1993} showed also
roughly constant deep defect densities (constant subgap absorption) as a function of the doping
level (in the same range of low-level doping as studied here).

The subgap absorption has been related in pe-$i:H material both to deep defects and to free
carrier absorption [Finger 1993]; we conclude, here, from the low values of subgap absorption
observed on onr set of films that they are not doped strongly enough to observe the effect of the
free carriers. Furthermore, it has been concluded from IR transmission spectroscopy
measurements on doped Jic-Si:H material [Finger 1993] that the observed baseline shift is related
to free carrier absorption. IR measurements on our compensated series (not presented here) indeed
do not show a baseline shift, confirming, thus, that there is here no observable free carrier
absorption.

Hence, the low value of subgap absorption measured for the compensated film clearly indicates
the Jow level of deep defect densities obtained by us; this furthermore points out the real potential
of this newly developed material as a photovoltaically active film in solar cell devices.

In order to tentatively explain the temperature behaviour of the dark conductivity of our set
of micro-doped films (for the chogen Jimi emperat of 29 - 82 °C for which the
Arrhenius plots of 64 show quite well a straight line), we will now use the usual simple expression
for a thermally activated conductivity;

o =og exp (-Eg/ KT} (2)
with 00 = conductivity prefactor (characteristic conductivity of the transport in the extended
states) and Eg = effective activation energy.
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Fig. 3.2.5: Dark conductivity data: conductivity prefactor op as a function of the effective
activation energy Eg.
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This procedure is based on the work of [Hapke 1993] for VHF-GD samples with ER near midgap
where we had showed - also supported by another work [Finger 1993] - that a simple activated
behaviour for the electrical transport is not found when a wide temperatare range is covered.
Then, in Fig. 3.2.5 we can plot In og versus Eg for our set of films, and identify two different
regimes. The data can be fitted by two exponentials demonstrating the "usual Meyer-Neldel
beraviour” [Overhof 1983] as well as the so-called "anti Meyer-Neldel behaviour” (inversion of
the slope) [Kikuchi 1988]:

6( = app exp (Eg / Ep). 3

These two regimes were already reported many times for pre-Si:H material and are now quite
generally accepted {Lucovsky 1993, Rubino 1993 and Manfredotti 1993]. The critical Eg
threshold value of about (.25 eV separates the two different transport regimes. For Eg 2 0.25 eV
(compensation regime) we are in the "ussal Meyer-Neldel viour" (positive slope) as
explained by the statistical shift of EF (the temperature variation of EF is assumed to be linear for
this region where EF moves, with temperature and doping, in the band-tails) [Overhof 1983]. This
behaviour js revealed to be the usnal one for a-Si:H because of the low doping efficiency. The
dominant transport in this regime, that takes place in the extended states across the internal
potential bargiers for pc-SicH, is believed to be dominated by thermionic emission
[Lucovsky 1993], in analogy with work on polycrystalline silicon layers [Seto 1975).

Contrary to this, for Eg < 0.25 eV we are in the "anti Meyer-Neldel behaviour", where due to
the very low Eg values, the transport is believed to be dominated by tunneling from band states of
the Si crystallites throngh the band-tail states of the intervening thin amorphous phase
[Lucovsky 1993]. This second branch of the Meyer-Neldel plot was already predicted
{Overhof 1983] for single phase heavily doped a-Si:H by numerical modelling of regions where
EF comes out of the exponential band-tails (for low and high Eg) and assuming a simple
thermally activated transport process in the extended states. However, this second branch is not
directly accessible for a-Si:H because the Fermi level can not be moved into the band-tail states
enough [Street 1985].
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Fig. 3.2.6: Dark conductivity data: room temperature dark conductivity as a function of the
effective activation energy Eg.
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In addition, the plot of GRT (rcom temperature dark conductivity) versus Eqg represented in
Fig. 3.2.6 can again be fitted with two exponentials showing thereby (with equations (2) and (3))
the consistency of the Meyer-Neldel rule (see [Lucovsky 1993] for a more detailed description).

Substantial similarities between the electrical features of our pe-Si:H films deposited by
70 MHz VHF PECVD and the ones of pe-SizH films obtained by several other techniques such as
13.56 MHz PECVD, RPECVD and LPCVD [Lucovsky 1993, Rubino 1993 and Manfredotti 1993]
were observed with respect to differentiating between "usual Meyer-Neldel bebaviour™ and
"anti Meyer-Nelde] behaviour”. However, our experimentally cstimated critical E¢ value of about
0.25 cV separating both transport regimes is substantially higher than all other reported ones; the
lacter are lower than 0.1 eV [Lucovsky 1993, Rubino 1993 and Manfredoai 1993].

The transport study of pe-Si:H films, satisfying the "anti Mcyer-Neldel behaviour” where ER
lies very high in the density of states (very low Eg values) in a relatively flat region, is revealed to
be a very complicated task since many different transport paths (thermally activated, tunncling and
hopping) could take place simultanecusly. Detailed elecirical data on the carriers and on their
maobility as a function of temperature from Hall and thermopowcer experiments, and a clear picture
of the density of states distribution in the bandgap of microcrystalline material arc esscntial.

During light-sozking experiments, the conductivity under illumination o)) of three different
samples (illuminated from both sides) was s:mu]taneously monitored (F:g 3.2.7), the intensity of
the sodium lamp used (about 500 mW/emZ, ~ 1.5x10!2 photons/cm<Zs) was controlled by a
photodiode in parallel. With the absorption coefficient of about 1x10% e~ at the wavelength of
550 nm of our light souree a relatively uniform illumination throughout the entire pe-Si:H film
( ~ 0.4 um thick) is achieved {decrease of light intensity in the middle of the film < 18 % with
respect to the light intensity at the two edges). The temperature during the light exposure was
40 “C and was meastred by an infrared thermomelter.
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Fig. 3.2.7. oj) for three different samples (undoped, 0.4 vppm and compensated (0.9 vppm
doping gas phase ratio)) from the compengated seric? as a function of the light
exposure time (sodium lamp at 500 mWiemZ, ~ 1.5x10 B photonslcmzs). The films
were illuminated from both sides.
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The behavionr of the three samples is rather surprising. On the one hand the aj]] value of the
undoped material slowly decrcases with long-term illumination (5 months); in contrast to this, on
the other hand, for the compensated sample (0.9 vppm doping gas phase ratio) gij] seems even o
increase slightly with time. The undercompensated probe (0.4 vppm doping gas phase ratia,
slightly <n>-type) shows a small variation of &j]{ but remains more or less constant over the
observed time period. Similarly, Williams et al. {Williams 1991] reported no Stacbler-Wronski
effect for the conductivity under weaker illumination (50 hours at 50 mW/cmz) for compensated
c-Si:H deposited by RPECVD. From the plot (Fig. 3.2.7) it seems that all curves are converging
after long-time illumination 1o the same point but this has to be further checked by a still longer
illumination time (> 1 year !). Note that, after about 12 days of light exposure time an unexpected
strong scattering of the oj]} data plotted in Fig. 3.2.7 is observed. An analysis of the intensity of
the sodivm famp used and of the temperature during light exposure as a function of the light
exposure time shows no correlation with the observed scattering of @i} This strong scattering of
Gil] - seldom observed during light-soaking experiments performed on a-Si:H films - remains -
unexplained by the author and has in the future to be further examined in order to be explained.

Analysing the net photocurrent:

Ophoto = Gill - 0d (4}
before and after degradation we observe that the photocurrents for all three films (not shown here)
are only slightly affected by long-term light exposure; furthermore, they reach, after degradation,
similar values around 3x10-4 {S/cm). Thus, the variations of 6j]] in Fig. 3.2.7 could be mainly due
to changes in the dark condnctivity. In fact, the observed decrease of the dark curreat is
accompanied by an increase in the activation energy (also reported elsewhere [Lin 1986]),
meaning that EF is pushed during degradation towards midgap.

From the above observations, we conclnde that light-soaking has less effect {or even practically
no effect) on compensated material; a low degradation rate was also found (probably not the same
effect than for this case of pc-Si:H films), at least for the begigning of degradation, in a previous
study of micro-doped a-Si:H films [Sauvain 1994).

Because the presented data are unfortunately the only ones we have on this specific degradation
experimeni, we are not yet able to clearly explain what happens. Instead, here are some
suggestions based on different work done on a-Si:H and pc-Si:H. It is generally said about
microcrystalline material that it degrades less than a-Si:H because of a self-limiting mechanism in
the formation of the light-induced defects [Lin 1986 and Stutzmann 1984]. (These defects or
dangling bonds act as dominant recombination centers in a-Si:H under illumination). It was
further shown [Liu 1986] that the dangling bond defect density is proportional 10 the crystallite
size §, preventing, 1hus, for films with large crystallites (8 > 120 A) the creation of new detectable
dangling bonds through light-soaking. The observed increase of defects by light-soaking - the
defects are reported to be located at the grain boundaries [Wang 1991, Finger 1994a and
Malten 1995] - pushes in our experiment the Fermi level towards midgap changing thus the
properties of the films,

Thus as a conclusion from our work on micro-doped pe-Si:H and the ones mentioned above,
we suggest thar the degradation rate of pe-SicH films depends mainly on the density of the already
existing defects - what explains why generally pc-Si:H "degrades” less than a-Si:H - and on the
position of EF as prevailing in the initial state, what explains why the particular compensated film
degrades the least from the micro-doped studied film series. Finally, first light-soaking
experiments of an entirely uc-Si:H cell which photovoltaically active layer i5 a compensated
("truly intrinsic" midgap material) 1.7 pm thick pe-Si:H film [Meier 1994] indicate no observable
degradarion (see Fig. 4.3). This makes this newly developed pe-Si:H very attractive as a
photovoltaically active gtable material.
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3.2.3 Conclosions

The VHF-GD process favours the deposition of microcrystalline silican with a high
crystallinity (5 2 200 A and X = 90 %) yieldiog thereby "nominally” undoped films having
basically low activation energies (due to extrinsic impuritics and contamination dopants}, With
low-level boron doping, "compensated” ("truly intrinsic" material) films can be deposited, with
the Fermi level position at midgap.

Compensation of the initially <n>-type material could be achieved here by the introduction of a
"micro-doping” technique. The very sharp compensation poiat cbtained corresponds to maxima
for the dark conductivity activation erergy and the photoconductive gain (photo/dark current ratia)
and to minima for the dark canductivity and far the phatocanductivity.

The low value of subgap absorptian determined from PDS experiment for the compensated
film clearly jndicates a low level of deep defects; this can be related to the high crystallinity and
the good quality pc-Si:H film produced by the 70 MHz VHF PECVD process.

The author pointed out, from transport characterisation in the temperature range of 29 - 82 °C,
the transitions from the "usual Meyer-Neldel behaviour” to the "anti Meyer-Neldel behaviour”
occurring at a dark counductivity activation energy threshold value of 0.25 eV.

Light-soaking experiments with a high intensity, high pressure sodiom lamp have shown
clearly better stability for the new compensated pc-Si;H thaa for undoped films. In fact, for our
series of films, the compensated one appears to be the most appropriate far solar cell applications
- as @ new promising stable photovoltaic active material - since it degrades the least, its dark
conductivity is the lowest and its photoconductive gain is the highest. 1t is even suggesied that
pe-Si:H generally degrades less than a-Si:H due to a high defect density at the grain boundaries of
the microcrystalline material that prevents the formation of vnew deteciable defects by
light-soaking. This statemeant has ta be further checked by detailed and intensive studies and
comparisous of both types of silicon material.

Using such compeunsated material for the implementation of entirely pc-Si:H p-i-u salar cells,
the extensian of the built-in field into the cell could lately be improved (better field uniformity)
[Fliickiger 1993], as campared to previously published results [Flilckiger 1992] which used
undaped pc-Si:H. Thanks to the confirmation of the better stability of such all pc-8i:H solar cells
[Meier 1994a], microcrystalline silicon could become a new encouraging thin-film base materia)
contributing to a solution to the photovaltaic problem provided the efficiency can be increased
close to 10 %. The most realistic application of our microcrystalline material remains nevertheless
the development of stable tandem structures with a standard amarphous p-i-n top cell and an
entirely pc-Si:H p-i-n as bottom cell as reported in [Meier 1994a).
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3.3 Boron doped films

Before having finally prepared solar cells using the compensated microcrystalline material
already presented in {3.2), we first had to develop very thin appropriate <p>-type pc-Si:H and
pe-SiC:H window layers; their detailed study will be given here (respectively in (3.3.1) and
(3.3.2)). The <n>-type pe-Si:H material (thick and thin layers) was already siudied in detail and
presented elsewhere [Prasad 1990, 1991 and 1991a]. For solar cell applications, the most
important features for a high guality <p>-type window layer are: its high transparency, its high
conductivity and its overall ability of being an efficient emitter [Luft 1993]; it is towards these
goals that we stndied <p>-type microcrystalline silicon films.

3.3.1 <p> pe-Si:H film series

Our earlier studies have shown [Prasad 1990 and 1991] that by the VHF-GD technique at the
plasma excitation frequency of 70 MHz, the input power for the growth of pe-Si:H can
significantly be reduced, compared to conventional 13.56 MHz GD [Prasad 1991a and
Fliickiger 1992]. Also, the deposition temperature can be kept lower. Moreover, as already
reported, doping efficiency for pe-Si:H is mnch higher than for a-Si-H [He 1983, Spear 1981 and
Willeke 1992]. Thus, for thick <p> layers (0.3 um) activation energies of 20 meV and dark
conductivities of 30 (S/cm) can be obtained [Prasad 1991 and 1991a). This very low value of Eg
and the high dark conductivity encouraged ns to investigate the properties of very thin
<p> te-Si:H layers.

<p>-type Me-Si:H very thin films have proven to be excellent window and barrier layers for
solar cells because of their high conductivity and iransparency [Fliickiger 1993 and Lufi 1993].
However, due to the fact that Doron in the gas phase hinders the nucleation of crystallites
[Ghosh 1992 and Chou 1992], very thin films of <p> pe-Si:H have been difficult to deposit.

We present here results for very thin <p> pic-SitH films (< 350 A) deposited at low temperature
(170 *C). First, the effect of poron doping on the growth and on the electrical properties of
<p> pe-Si:H very thin films is investigated, leading to an optimised value of about 0.6 % for the
diborane gas phase ratio (B2Hg/SiH4). The electrical, optical and structural properties of an
optimised thickness series ranging from 10010 350 A are studied using thickness and conductivity
measurements, transmission spectroscopy, transmission electron microscopy (TEM), Raman
spectroscopy, grazing angle X-ray diffraction/reflection and speciroscopic ellipsomeiry
measarements. Further, a calumnar structure growth mode] for these very thin <p>-type pe-Si:H
films will be proposed. This present study is partiafly published elsewhere
{Flirckiger 1993 and 1994].

3.3.1.1 Experimental

All films studied here were deposited with the same chamber history (the walls and electrodes
being covered in the same manner with <p> pc-Si:H), so as to gnarantee maximum
reproducibility. To minimise a change in the surface of the thin films after deposition, they were
all stored in an argon atmosphere.

The gases used were silane (SiH4), hydrogen (H2) and diborane (B2Hg). The films were
deposited at a dilution level of 1.6 % (SiH4/(SiH4 + H2 + B2Hg)) and a total gas flow of about
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100 sccm. The doping ratio (B2Hg/SiH4} was varied between 0.1 and 0.9 %. The power measured
ar the power meter was 10 W. The substrate deposition temperature Tdep was 170 °C and the gas
pressnre was kepi at 0.8 mbar. The film thicknesses were < 350 A (as measored and averaged over
about twenly measurements) and the deposition rates obtained were S 1,25 AJs. The lowest
thickness limit was about 100 A for which low value the film was hardly visible by the eyes.
Furthermore, the glass surface roughness is estimated (by the author) 1o be of 50 - 100 A limiting
thus a realistic film thickness to values higher than 100 A. Due to the very low thicknesses
encountered in this film series only few of the standard film characterisation methods could be
performed. The uniformity of the films was checked by the eyes and estimated to be satisfactory
for all films and for the entire surface, except for the borders due to the screening effect of the
substrate holder during deposition,

The detailed experimental description of the different characterisation techniques mentioned in
the next part (3.3.1.2) can be found elsewhere [Fliickiger 1994].

3.3.1.2 Results and discussion

First, the effect of boron doping on the growth and electrical properties of very thin pe-3i:H
films is investigated. Fig. 3.3.1.1 shows the room temperature dark conductivity o4 as a
function of the boron doping ratio (B2H6/5iH4) in the range of 0.1 - 0.9 %, for different film
thicknesses (range: 100 - 340 A). The other deposition parameters were fixed (see (3.3.1.1)) and
appropriately chosen from previous optimisations [Prasad 1991 and 1991a].
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Fig. 3.3.1.1: Room temperature dark conductivity as a function of the diborane doping ratio for
different film thicknesses.

While for the thickest films, the doping ratio does not influence ¢ very much, for very thin
films the effect is drastic. To explain the shape of the curves of constant thicknesses, two
competitive effects must be taken into account; first, by increasing the boron doping ratio slightly,
the Fermi level EF is pushed towards the valence band, thus increasing strongly @4. A further
increase of the boron doping ratio to values higher than about 0.8 % (for the chosen set of
deposition parameters) leads to strucioral changes of the material by amorphisation as was
reported elsewhere {Prasad 1991 and Ghosh 1992].
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In fact, it is now generally believed that diborane in the plasma gas phase favours the formation
of amorphous material by increasing significantly the nnmber of growth sites throngh hydrogen
abstraction (“scavenging action") and reduction of the sarface diffusion coefficient, enhancing
thus, the film growth rate (as will be shown later) {Ghosh 1992 and Chon 1992]. 1t was proposed
elsewhere [Prasad 1991 and 1991a}, that in heavily doped samples, inactive boron atoms segregate
to the grain bonndaries where they hinder crystallite formation. Since, the doping efficiency in
amorphous material is much lower than in pc-Si:H (due to a lower structural ordering) [He 1933,
Spear 198! and Willeke 1992}, and furthermore, an increased doping for already degenerated
films resnlts in a reduced charge mobility {due to inactive boron atoms that create defects in the
energy band), the conductivity of thin pe-Si:H films decreases strongly with boron doping higher
than about 0.8 %.

The general trend of the decrease of &g with decreasing the film thickness at constant doping
ratio is explained by a structural transition with the dominant phase changing from
microcrystalline to amorphons material, as shown later. This effect is furthermore very sensitive to
the diborane doping ratio as it can be observed in Fig. 3.3.1.1. The optimised boron doping ratio
for what concerns both the electrical properties and the crystallinity of the deposited films seems
to be in the range of 0.5 - 0.7 %: this boron doping ratio will be fixed at 0.6 % for the thickness
series study presented hereafter.

The deposition rate r varies in this study of very thin <p> Uc-Si-H films with the diborane
doping ratio and also with the thickness of the films, as presented in Fig. 3.3.1.2; the latter effect
will be specifically shown later in the study of the thickness series with constant doping ratio of
0.6 %.
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Fig. 3.3.1.2: Deposition rate as a function of the diborane doping ratio for different film
thicknesses with the fitied line corresponding to films of thickness of about 260 A.

41



For a constant film thickness of about 260 A, the deposition rate increases from about 0.8 to
1.02 Ass, quite linearly with the diborane doping ratio over the scanned range of 0.1 - 0.8 %,
Similar findings were reported elsewhere [Prasad 1991, Ghosh 1992 and Chou 1992]. As was
already claimed by the auther, structural changes cccur in the matenal (from pe-Si:H to a-Si:H)
with an increasing boren doping ratio, resulting in an enhanced deposition rate, since, a-Si:H is
well known to grow faster than pe-Si:H.

The increase of r with beroa doping was also preliminary observed for a-8i:H, as reporied by
Perrin et al. [Perrin 1989]. 1t was claimed there, that diborane presumably strongly catalyses H2
desorption for the growing film surface, leading thus, to a decreased H-coverage. The variation of
r with doping complicates the study of the effects of the beron doping on the film properties since,
as we will see it later, the film properties significantly depend on the film thicknesses for oar very
thin pe-SicH films investigated,

From now on, we will concentrate on a thickness series of very thin <p> Mc-SiH films with
fixed diborane doping ratio of 0.6 %. Fig. 3.3.1.3 shows the thickness of the films as a function of
the deposition time (measured from the starting of the plasma). 1t is important to point out here
that we are dealing with very thin films (d < 350 A) and therefore, nearby the initial growth
regime.
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Fig. 3.3.1.3: Film thickness as a functicn of the deposition time for the <p> pc-Si:H thickness
series (initial growth regime) with a fixed doping ratio of 0.6 %.

The shape of the curve is surely not a straight line (for our investigated film thickness range),
meaning that in this region, the deposition rate is not constant. The extrapolation of the curve for
the lowest thicknesses with a straight line leads to an "induction time” of about 1 minute. This
valve is souggested to correspond to the time needed for the initial nucleation. Due to the
mentioned lack of very thin films with thicknesses < 100 A, this given value for the "induction
time" is only a rough estimation. For increasing time, the effective deposition rate {calculated
from the end of the "induction time"™) decreases from an estimated value of about 1.6 Ass for the
lowest thickness deposited film (~ 120 A) and tends for thick films (> 500 A) to the constant bulk
deposition rate value of about 1.1 A/s, This trend can be explained by considering the fact that the
structure of the films is predominantly amerphous for very thin films and becomes
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miceocrystalline with hardly any a-Si:H phase, for thick films, as will be shown later by the
detailed structoral characterisation (TEM, Raman spectroscopy, X-ray diffraction/reflection and
spectroscopic ellipsometry).

The presence of such an "induction time" for boron doped pc-Si:H films was already observed
in an earlier work [Prasad 1991 and 1991a] and was reported to be of about the same value, Since,
as we mentioned above, the deposition tate is a function of the diborane doping ratio it is then
very probable that the "induction time" is also a function of the diborane doping ratio. These
measurements of the deposition rate as a function of the diborane doping ratic and of the film
thickness are very important for solar cell applications {window layers and tannel junctions),
since, very thin films of specific thicknesses (often lower than 200 A) are required.

We already mentioned, by analysing the effects of the diborane doping on the room
temperature dark conductivity (Fig. 3.3.1.1) for our set of <p>pc-8i:H very thin films, the general
trend of the decrease in g when decreasing the film thickness at constant doping level. Here, we
specifically point out this observation for our thickness series of very thin pc-8i:H films with an
optimised and fixed diborane doping ratio of 0.6 %. Fig. 3.3.1.4 shows the room temperature
dark conductivity o4 and the corresponding dark conductivity activation energy Eg as a
function of the film thickness. Since, the Arrhenius plot of the dark conductivity often shows for
higber temperatures (100 - 200 "C) a slightly steeper decrease than for temperatures below 100 °C,
we represent in Fig. 3.3.1.4 the lower values of Eg, determined from the temperature range of
25t0 83 °C.
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Fig. 3.3.1.4: Room temperature dark conductivity and dark conductivity activation engrgy as a
function of <p> pc-8i:H film thickness for an optimised and fixed diborane doping
ratio of 0.6 %.

©d remains still at reatly high values of 1 to 10 (S/cm) down to thicknesses of about 200 A with
corresponding very laow activation energy values of lower than 20 meV, while beyond this
thickness, the conductivity begins to fall and Eqg to increase. The conductivity reaches, even for
thinner films (~150 A), remarkably high values of > 10-2 (S/cm) which are well above those of
doped a-SiC:H (~10°® (8/cm)) or even doped 2-Si:H (~10% (S/cm)). These observations of
Fig. 3.3.1.4 are well known for both thin pc-Si:H and a-Si:H films vsed as window layers and
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tunnel junctions in solar cells [Luft 1993, Li 1994 and Prasad 1991a] but such high od and low Eg
values, as reached for our investigated very thin films, were seldom reported.

As we already showed, the diborane doping has 2 drastic effect on the film properties of very
thin films and has 1o be carefully optimised. The entire problem lays on the ability of depositing
highly doped puc-Si:H matertal, already for the early growth (initial growth regime) of the film,
with a thinnest as possible or even vanishing amorphous interface layer. The already suggested
phase transition from microcrystalline to amorphous material by decreasing film thickness will be
confirmed later by detailed structural analyses (TEM, Raman spectroscopy, X-ray
diffraction/reflection and spectroscopic ellipsometry). The rapid fall in o4 for films thinner than
~150 Ais proposed to be attributed to a critical phase transition from microcrystalline to
amorphous material. The crystallites become too small and too far away from one to an other
- resulting in a low crystallite volume fraction - to allow a conduction path through crystallites by
percolation. The amorphous phase becomes, thus, the dominant one for what concerns the
transport properties.

These high conductivities and low activation energies reached for films thicker than about
150 A are a reliable monitor for microcrystalkinity and are consistent with the structural
characterisation resuits shown hereafier. :

The electrical measurements were carried out using Al contacts (1000 A thick) with a | mm
gap. The thinner the investigated films are, the more important influence of e.g. nucleation on size
effects will become. A reliable and correct characterisation of such very thin films is therefore
very difficult and strongly substrate-dependent. Possibly, conductivity and activation energy of the
films would be seen not to change as strongly, if the films could be characterised by a sandwich
configuration. Also, the solar cell device will probably show the thickness influence more
evidently, but in this case the roughness of the TCO, 100, will significantly influence growth and
properties of the <p> pe-SicH window layers.

The very thin <p> pc-Si:H layers were further characterised by spectral transmission
measurements in the visible and near ultra-violet (UV) range of sun light.
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Fig. 3.3.1.5: Spectral transmission of a rcpresentative set of layers from the thickness series of
<p> pec-Si:H films, deposited on plass substrates (Dow Coming 7059).
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The ED pattern of the thinnest film (A) shows diffnse rings indicating low crystallinity and
dominant amorphous phase. By increasing the thickncss, the corresponding ED pattern shows
intensity modulations on the outer rings related (o an increase of the crystallinity. For the thickest
film, the ED pattem (C) shows well-defined rings and sharp diffraction spots, an indication of fitm
textore. The HREM image (D) shows only very few randomly growing spherically-shaped
nanocrystalline clusters with sizes between 40 and 80 A. The corresponding crystalline surface
coverage value is low and estimated to be only 5 %. By increasing the thickness (HREM image
(E)), the ¢lnster size increases up to about 140 A and an agglomeration phenomenon is observed.
However, the spherically shaped clusters are separated by almost amorphous boundaries.

The HREM image (not shown here) pertaining to & thicker film (255 A} clearly shows a large
nnmber of crystalline particles with different orientations, some of them agglomerating in clusters
up to 400 A, The coverage of crystalline material is estimated in that case to be about 80 % of the
total surface. This valne can still be higher since a single electron beam axis does not allow all the
crystallitcs to be imaged. Small "stacking” or planar defects (e.g. break in plane ordering)
- presumably originating from the coalescence of smaller nuclei - and interplanar spacings {risen
throngh crystallographic orientations ) can barely be resofved.

The Raman spectra of three films from the <p> pe-Si:H thickness series deposited on
DC 7059 glass and measnred with a lignid oitmgen cooled CCD camera at an excitation
wavelength of 4579 A are shown in Fig. 3.3.1.7. Generally, a disordered random network of Si
(i.e. 2-5i:H) which lacks long-range order yields a broad strucrure oear 480 cm-! in the spectrum,
whereas in contrast, a crystallioe Si structure is represented by one sharp peak near 520 cml
[Brodsky 1977]. Becanse of a background correctioo - necessary in this case of very thin films -
that is not unique, quantitative conclusions based on a comparison of these results with those of
thick samples are not possible.
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Fig. 3.3.1.7: Ramin spectra of three films from the <p> pc-8i:H thickness series (110, 145 and
345 A).



Surprisingly, the crystalline feature near 520 cm-! is present for all three films, eveo for the
thinnest one of only 110 A. By increasing the thickness up to 345 A, we can qualitatively see that
the material becomes "typically microcrystalline”, dorminated by the microcrystalline phase with a
negligible contribution from the amorphons phase. These results are in good agreement with the
previously shown TEM analyses. We furthermore do not observe a strong variation of the Raman
crystalline peak maximum position with increasing thickness suggesting thus no meaningfu!
variations of the crystallite size [Iqbal 1982].

The X-ray diffraction measurements were performed using the Cog g line in the range of
20 =20- 70", whereas for the reflectioo measurements, small variations of the source beam angle
o were made near the total reflection angle. A fitting of the experimental data with the Fresnel
cquations leads to the following structural parameter values: film thickness, average Si density and
surfacefinterface ronghness.

The diffraction patterns (not represented in this work) of two analysed pc-8Si:H films
(d = 160 and 345 A) by grazing angle X-ray diffraction show the Bragg reflections of
polycrystalline Si with few or no orientation effects; the main peaks (listed hereafier by decreased
peak heights) correspond to the <111>, <220> and <311> crystallographic planes. The
observation of a certain crystallinity of the films is in good agreement with the previonsly
presented TEM and Raman analyses. An estimation of the average size & of the grains for the
thickest film {345 A) by Scherrer's equation {Scherrer 1918] from the <111> main peak leads to a
value of abomt 60 A for directions near the perpendicular to the surface plan. The estimated lattice
constant a for that same film of 5.40 A is a little bit smaller than the lattice constant of typical
cubic pbase ¢-Si (5.43 A). This observed deviation in the lattice constant is possibly cansed by
experimental errors. .

Grazing angle X-ray reflection experiments done on three films (d = 110, 195 and 345 A) show
that the obtained thicknesses - from the fit to the data - are very near but somewhat lower than
those measured by the a-step, probably because of the low resolution of the a-step measnrement
for such low thicknesses. The relative film thickness difference decreases from 33 to 6 % when
increasing the film thickness from 110 to 345 A. The root mean square rms roughness as
determined from (<z2>)0.3 (with z defined as the average height of the features (thar are at the
origin of the roughness) as evalnated from a Gaussian shape and averaged on the entire film
surface) is estimated to be between 0 and 35 A for the interface (substrate/S1), and from 30 10 35 A
for the surface (Si/air) with no direct correlation with the film thickness., The quite low value of
the estimated average Si density (50 - 80 %) for all analysed films leads ns to infer an incomplete
coalescence growth model where some voids are thought to fill the place left between the
crystallite nuclei. This mode] will further be confirmed with detailed experimental data obtained
from the following spectroscopic ellipsometry measurements.

The rotating-analyser spectroscopic ellipsometer nsed here is described elsewhere
[Fliickiger 1994 and references therein]. The fitting of the experimental data through a simple
physical model, i.c., that of one or two films composed of a mixture of crystalline, amorphous,
and void components, leads to values for the following structural parameters: the film thicknesses
and volume fractions of each of the components. The results of the ex-situ spectroscopic
ellipsometry (SE) analysis using the model of Fig. 3.3.1.8 are summarised in Table 3.3.1.1.

As expected from all the previously presented structural analyses (TEM, Raman spectroscopy
and X-my diffraction/reflection), the main result obtained here from the SE analysis is an increase
of the crystalline volume fraction with increasing thickness of the films. While, the a-5i:H volume
fraction stays nearly constant (~ 44 %), the void volume fraction decreases to less than 8 %. Thus,
upon increasing the thickness, the films become less porons (more dense) and more crystalline.
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Film Surface ronghness

Air ambient 3 (A] J[o-Si ] aSi:H] Void N ds (A)] c-Si ] Void
Surface c-Si + vold 145 |12 49 39 - . -
roughness ds(A) 160 |16 |as 39 [. - -
Film ¢-Si + a-Si:H + void 195 j29 kL] 36 . . .
d[A) 2ss Yaz |44 |14 f38 |22 |7
Glass substrate s[4 44 & 44 30 70

Fig. 3.3.1.8: Model ft_)r the Table 3.3.i.1: Volume fractions (%) of the different phases
SE analysis. (c-5i, a-Si:H and void) as a function of the
sample tbickness measured by a-step
(column 1). Columns 2 - 4 correspond to the
film and columns 6 and 7 to the surface
roughness layer (sec Fig. 3.3.1.8).

The total Si volume fraction (c-Si + a-Si:H) obtained thereby increases from 60 up to 90 % and
is hence in good agrcement with the previously discussed results (electrical properties, TEM,
Raman spectroscopy and X-rey diffraction/reflection). As for the X-ray analyses, the obtained
thicknesses from SE are very near - and again smaller - than the thicknesses measured by a-step,
within a relative error of about 15 %. As shown in Table 3.3.1.1, a surface ronghness film of about
40 A can be detected on the top of the films of highest densities with thicknesses higher than
250 A. Note that no amorphous phase was detectable in this film. This surface roughness - as also
reported elsewhere [Shirai 1994] - is several times larger than the surface roughness observed in
conventional device-grade a-Si:H and is directly related to the surface growtb mechanism of
microcrystalline material.

All these results possibly indicate a specific columnar growth model: The films grow as
islands from well separated nucleation centers on the substrate, then extend vertically. Inverted
“conical” structures - with a-Si:H and voids filling the space left in between - appear 1o
characterise the growing films. Reaching a thickness of approximately 250 A (as mentioned
above), the films have their top layers almost covered with the conical structures that coalesce. A
further increase of the thickness results in new nucleations on this partly covered c-Si layer,
providing conditions for bulk material growth. As shown, the dark conductivity has nearly reached
the saturation value for films thicker than 250 A, this fact being in good agreement with the
proposed growth model. This initial growth model proposed here for our <p> pe-Si:H very thin
films was already observed and reported in other work [Collins 1989, Shen 1993 and
Akasaka 1993]. Furthermore, a similar kind of preferential vertical growth (columnar structure) is
very often observed for the deposition of thick <p> pe-Si:H films {Prasad 1991 and
LeBerre 1993).

All above strongly correlated electrical and structural properties show the evidence of the
existence of crystallites in our <p> yc-Si:H very thin films deposited on glass by VHF-GD even
for the lowest thickness of 110 A, Furthermore, by growing films, the crystallites are observed to
coalesce quite quickly leading thus already for 250 A thick films, to bulk material (for what
concerns the electrical properties). These results clearly point out the potential of our <p> pc-Si:H
very thin films deposited by the VHF-GD as window layers and tunnel junctions in solar cell
devices. Finally, for these mentioned purposes, carbon was also added in the films; the electrical,
optical and structural propertics of these films will be discussed and compared in (3.3.2) with the
previously shown <p> pe-SiH films.
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Fig. 3.3.1.9 shows a cross-sectional high resolution electron micragraph (HREM) obiained by
transmission electron microscopy (TEM) of a very thin <p> pe-Si:H film grown on ¢-Si; this film
corresponds to the 255 A thick film deposited on DC 7059 in the same run. Fig. 3.3.1.9 let us
immediately recognise an epitaxial type of growth of the thin <p>-type Si film on the <100> ¢-Si
substrate, The word “"cpitaxy” originates from the Greek words "epi" = "on" and
“taxis" = "arrangement”, meaning in other words the growth of a film with the same
crystallographic orientation than that of the substrate on which the film is deposited. A consistent
crystallographic relationship between the crystal lattices of the film and of the substrate is
denoted. Her, in our case, we face a Si crystalline growth on a ¢-Si subsirate.

The HREM image (see Fig. 3.3.1.9) clearly shows for the thin film, the crystallographic plans
with a very thin or even no interface between the film and the substrate. Since, a bright contrast,
possibly cansed by strain, is observed at the interface, the thin film can clearily be distinguished
from the Si subsiratc. Some very few small amorphous zones (a-SitH or oxide) can barely be
resolved at the intcrface. Also a detailed observation of the microstructure reveals some structural
defects such as dislocations/stacking faults or twin boundaries, for the ¢-Si substrate as well as for
the thin film.

An epitaxial growth for such a low deposition temperature of only 170 °C and the simplc
deposition technique as used here is seldom reported. Either, very high temperatures like the ones
used by the CVD techniques (> 800 °C), or quite complicated deposition techniques
(ECR-PECVD, RPECVD using fluorinated or other non-usual gascs) are commonly used so far.
Our observation of the epitaxial growth of a <p>-type Si very thin film on ¢-Si by the VHF-GD at
low deposition temperatures can be attributed to some specific propertics of the 70 MHz plasma
cxcitation fiequency GD technique used.

In fact, we believe that an ion bombardment with high ion dcnsities but low avcrage ion
energies and a high sopply of silane and hydrogen radicals [Howling 1992, Kroll 1994 and
Heintze 1993a], which are thought to be essential for an efficient microcrystalline growth, are
responsiblc for thc observed epitaxial growth. Furthermaore, as mentioned in 2,1.2, three treatment
steps are performed, prior to deposition, in order to prepare the chamber surfaces and especially
the substrate for deposition. We furthermore propose that the mentioned treatments etch away the
native oxide from the upper surface of the c-Si substrate, leading thus to a clcan and oxide fice
¢-S1 surface. This procedure is probably also a key issnc for the growth of epitaxial layers on c-Si.
Concluding, a snitablc cnergetic panicle bombardment can facilitate epitaxial depasition on
epitaxial snbstratcs by providing a clean, nascent substrate surface. Furthermare, an energetic
particle bombardment during deposition acts primarily to enhance the surface and grain boundary
mobility, what is favourable for the production of the grain structure.

This epitaxial growth of <p>-type Si at low temperatures, by our VHF-GD technique at
-70 MHz plasma cxcitation frequency, including the pre-treatment steps, are patcnted
[Flickiger 1994a). Further extensive plasma excitation frequency studies relating some major
plasma characterisation analyses to the epitaxially grown <p>-type Si film properties are under
way and will be presented elsewhere [Torres 1995]. These findings open cvidently a wide range of
applications in opto-electronic and microelectronic devices, such as in the fabrication of advanced
metal-oxide-semiconductors (MOS) and bipolar integrated cirenit (ULSI) technology, for which
the low temperature epitaxial growth is potentially advantageous. For example, dopant
redistribution can be avoided at low temperature so that an abrupt dopant iransition can be
obtained. On the other hand, low temperature epitaxial growth reduces autodoping, wafer warping,
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and system design cost. Forthermore, a greater liberty in the sequence of the deposition steps is
introduced.

The VHF-GD technique, developed in our laboratory, shows many advantages for low
temperatore epitaxial growth, including batch-wafer processing, low cost, the absence of
ultra-high (UUHV} requirements, large area deposition, and the capability of low temperature
growth assisted by plasma.

3.3.1.4 Conclusions

Starting from previously obtained resnlts where the VHF-GD process has been shown to be a
very suitable technique for preparing doped highty-conductive pe-Si:H layers, a down scaling of
tbe film thickness to thicknesses lower than 350 A could be snccessfully performed by carefnlly
optimising the diborane doping ratio. We evidenced the existence of crystallites in our
<p> Wc-SitH very thin films deposited on glass by VHF-GD even for the lowest thickness of
110 A.

Detailed structural analyses obtained from a wide range of characterisation techniques lead to a
suggested specific columnar growth model for the initial growth regime investigated. Snch a
preferential vertical prowth is often mentioned as being the prevailing growth model for thick
<p>-type microcrystalline silicon. Furthermore, an "induction time” of about one minute was
obscrved for the initial growth regime, what has further to be taken into account for the deposition
of very thin films of specific thicknesses as required for example for window layers in solar cclls.

Structural analyses by cross-sectional TEM observations of a <p>-type Si very thin film
deposited on c-Si surprisingly revealed an epitaxial growth. A series of three surface treatment
steps are thought to be a key issue for the exhibited epitaxial growth. The possibility of growing
epitaxial films further points out the ability of the 70 MHz PECVD-GD technique in growing
good device-quality <p>-type Si films at low deposition temperatures. This epitaxial growth of
very thin silicon films opens a wide range of potential applications in opto-electronic and
microelectronic devices.

Thus, highly conductive and transparent very thin <p>-type doped jic-Si:H layers can now be
prepared; they have the potential to become excellent window layers and tunnel junctions for solar
cell applications. However, full p-i-n solar cells have yet to be fabricated, that incorporate these
new layers.
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3.3.2 <p> pe-SiC:H film series

Hydrogenated microcrystalline silicon, deposited at low temperatures by ptasma methods, is a
very promising material for photovoltaic [Torres 1994, Meier 1994a and Fliickiger 1995) and for
optoelectronic applications. Specifically, very thin films of <p»-type pc-Si:H have proven to be
excellent window and barrier layers for solar cells because of their high conductivity and
transparency (see (3.3.1) and [Luft 1993 and Li 1994)). <p> pc-SiC:H films are expected to show
a much higher energy gap (than <p> pc-8i:H films) - since SiC crystallites have an energy gap of
2.8 - 3.0 ¢V - with still a high conductivity (due to the high doping efficiency of the crystallites).
Due to the fact that boron and/or carbon in the gas phase hinder the nucleation of crystallites
[Ghosh 1992 and Goldstein 1988), films of <p> pe-SiC:H are extremely difficult to deposit. 1n
fact, only very few studies among a few others [Hattori 1988] report on <p> pe-SiC:H films
containing SiC crystallites.

In the following, we tricd to deposit this famous <p>-type Mec-SiC:H material with our
VHF-GD at 70 MHz. Unfortunately, as we will see it later, the deposition of SiC crystallites was
not a real success or the detection of the SiC crystallites was under the instrumental limit of the
used characterisation techniques. Nevertheless, we call our material pc-SiC:H while keeping in
mind that no (or only very few) SiC crystallites are prescnt in the films. In the present study, we
report on the optimisation of cominally thin and very thin <p> pc-SiC:H films deposited at low
temperatures, The individual effects of each of the deposition parameters {(methane and diborane
gas phase ratios, argon gas phase dilution, input power, deposition terperature and pressure) are
investigated with respect to the structural, optical and electrical properties of the thin films of
0.1 - 0.6 pum thickness. Then, results on very thin <p> pc-SiC:H films (< 225 A) deposited at low
temperature {160 “C) are presented. The effect of boron doping on the growth and electrical
properties of <p> pe-SiC:H very thin films is first investigated, leadiog 10 an optimised value of
about 0.4 % (B2Hg/(SiH4 + CH4)). Then, the growth and electrical properties of an optimised
thickness series ranging from 110 to 225 A are finally studied using thickness and conductivity
measurements. The goal was to optimise the very thin <p> pc-SiC:H layers for use as highly
conductive and high gap window layers in solar cells. The present study is partially published
elsewhere [Fliickiger 1995b).

3.3.2.1 Experimental

All films (42 films from 9 different series) were deposited in a single chamber reactor by the
capacitively-coupled glow discharge method at a plasma excitation frequency of 70 MHz, as
described in (2.1). To guarantee maximum reproducibility, all layers were deposited with the same
chamber history.

The gases used were silane (SiH4), hydrogen (H2), diborane (B2Hg), methane (CH4)} and
argon (Ar). All films were deposited at a dilution level of 1.5 %
((SiH4 + CH4)/(SiH4 + CH4 + H2 + B2Hg)) and a toral gas flow of about 100 sccm. The methane
gas phase ratio (CH4/(8iHg + CH4)) was varied between 0 and §7 %, the diborane gas phase ratio
(BaHg/(SiH4 + CH4)) betwcen O and 0.9 %, and finally the argon gas phase dilution
(ATAAr + H32)) between ¢ and 44 %. The power measured at the power meter was varied from
5 to 50 W. The substiate deposition temperature Tdep was varied from 90 10 340 “C and the pgas
pressure from 0.2 to 1 mbar.

The film thicknesses were in the range of 0.1 to 0.6 um for the thin film series and of
110 to 225 A for the very thin film series (as measured and averaged over about twenty
measurements). The deposition rates obtained were in the range of 0.2 to 1.2 AJs. The lowest
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thickness was about 110 A, for which the film was hardly visible by the eyes. Furthermore, the
glass surface roughness is estimated to be in the order of 50 - 100 A, leading, thus, to the realistic
deposition of films thicker than 100 A. Due to the very low thicknesses of the following film
series only few of the standard film characterisation techniques could be performed,

The detailed experimental descriptions of the different characterisation techniques mentioned in
the next part (3.3.2.2) can be found elsewhere [Fliickiger 1995b].

3.3.2.2 Results and discussion

To get a clear and overall view of the entire work presented here, the electrical and optical
properties of all thin films (0.1 - 0.6 pm) are summarised in the two first plots. Then, the
individual effects of each of the deposition parameiers - methane and diborane gas phase ratios,
power, deposition temperature, pressure and finally argon gas phase dilution - on the film
properties will be shown.

Fig. 3.3.2.1 shows the room temperature dark conductivity o4 and the dark conductivity
activation energy Eg as a function of the optical gap Eg4 (energy for which the optical
absorption coefficient o = 104 cm-1), for all the thin <p> pe-SiC:H layers of thickness in the
range of 0.1 - 0.6 um. Since, the Arrhenius plot of the dark conductivity often shows for higher
temperatures (100 - 200 *C) a slightly steeper decrease than for temperatures below 100 °C, we
represent in Fig. 3.3.2.1 the lower values of Eg, as determined from room temperature (RT) up to
about 100 *C. Since the use of Tauc's gap is questionable in the case of microcrystalline films
(becanse these films constitute a two phase material), the energy Eg4 is chosen as an arbitrary
representation of the optical gap. UV/visible transmission and reflection spectroscopy
mcasurements were performed to obtain the optical absorption coefficient & and the optical gap
Eo4 of the films, by neglecting the multiple reflections and using the expression T/ (1-R)
[Summonte 1993).
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Fig. 3.3.2.1: Room temperature dark conductivity and dark conductivity activation energy as a
function of the optical gap (Eg4), for all deposited <p>-type silicon carbide thin
films of thickness ranging from 0.1- 0.6 pum.
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From Fig. 3.3.2.1, a wide range of film properties are obtained. Very generally, and as atready
obscrved in the case of amorphous films, a small increase of the optical gap results in a sharp
decrease of o together with an increase of Eg [Luft 1993). From later showa structural
characterisation techniques (X-ray diffraction and Ramar spectroscopy) films with
G4 £ 1073 Sfom are revealed to be fully amorphous. In fact, an increase of Eg4 by increasing the
methane gas phase ratio resulis very quickly in a structural transition from microcrystalline to
amerphous material, as will be shown by the following detailed study of the individual deposition
parameters. Amorphous material is well known to have dark conductivities by more than a factor
of 4 lower than their microcrystalline counterparts. The very sharp decrease of 4 when increasing
Eg4 - as often reporied - alrcady leads us to suggest that no or only a small amount of carbon is
incorporated into the crystallites [Lucovsky 1991], as it will further be discussed in this study; this
fact will be confirmed by the structural characterisation analyses (X-ray diffraction and Raman
speciroscopy). Nevertheless, very few groups have reporied high dark conductivity
(> 10-3 S/cm) together with high optical gap (as high as 2.8 ¢V (Tauc’s gap)) jc-SiC:H films,
deposited mainly by ECR-CVD, and containiag some SiC crystallites (see [Luft 1993] for an
overview), so far,

For solar cell applications, as window layers for example, high conductivity and high optical
gap films are requested. From Fig. 3.3.2.1 (see specifically the two microcryswalline films marked
with an arrow: one without carbon and the other without boron), it becomes then evident that onhe
has to do a compromise between the electrical and optical properties of the films (see also
Fig. 3.3.2.2).

In view of the expected application of these <p> ne-SiC:H films as window layers in solar
cells, Luft and Tsuo [Luft 1993 and references therein] proposed in a very elemeantary but
furdamental model, that the built-in voltage {diffusion potential) Vp; of a simple p-i-n device is
cqual to the optical gap minus the dark conductivity activation energies for the <p> and <n>
layers. Thus, a high optical gap 1ogether with low p and n dark conductivity activation encrgies
will result in a high built-in voltage, and that in turn can result in a high open cirenit voltage Voc.
We show in a very simplistic manner in Fig. 3.3.2.2 the quantity Eg4 - Eg as 2 function of Egyg for
all our thin <p> pe-SiC:H films with thicknesses ranging from 0.1 to 0.6 pm, being clearly aware
that EQ4 is only representative of the optical gap and Eg can differ from E; = ER - Ey (for hole
conduction). Moreover, becanse of the comparison of films with different optical gap values and
different stractures, real care has to be taken with the interpretations.

By slightly increasing Eq4, one can obtain microcrystalline films with carbon having values of
EQ4 - Eg that are a little higher than the values obtained for films without carbon (see the
corresponding film marked with an arrow in Fig. 3.3.2.2) and, hence, should possibly lead to
slightly higher Vpj and Voc values in the p-i-n device. As already said previonsly, when
increasing the optical gap too much, the films become amorphous, resulting in very low values of
Eg4 - Eg (< 1.7 €V) mainly because of high Eq values due to the low doping efficiency prevailing
in amorphous Si [He 1983, Spear 1981 and Willeke 1992]. The importance of very low activated
window and back contact layers are here clearly pointed out for solar cell devices.

Let us now compare two <p>-type carbide films deposited in our laboratory. The first onc is a
standard a-SiC:H film issued from a previous work {Crovini 1994] and commonly used in our
high efficiency amorphous silicon solar cells, the second one is a pe-SiC:H film from this work.
Both films have the same value for Eg4, i.e. 2.13 eV, The quantity EQ4 - Eg is revealed to be
abont at leasi 300 meV higher for the microcrystalline film. This shows indeed, the potential for
an efficiency increase of p-i-n devices by the newly developed <p> pe-8iC:H window layers. As
predicted by Loft and Tsuo [Luft 1993], such an increase in EQ4 - Eg should theoretically lead in
a gain in the Vgc of about 100 meV for a simple p-i-n structure device. Furthermore, the
microcrystalline film has a G 4-value that is a faclor of 2x105 higher, and a Eg-value that is a
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factor of $ lower; this, in its turn, should result in a better ohmic contact and lower serial
resistance of the device,
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Fig. 3.3.2.2: Ep4 - Eg as a function of Ep4, for all thin <p>-type silicon carbide film series with
thicknesses ranging from 0.1 - 0.6 pm.

Finally, one way to reduce the absorption losses in doped microcrystalline layers is, besides
increasing the optical gap, to increase the doping efficiency. Increasing the dopiog efficiency
reduces the total number of boron atoms (for <p>-type doping) in the film for a given electrical
condnctivity and reduces, thus, the optical absorption. Indeed, this further points out the potential
of <p>-type microcrystalline material for window layer applications in p-i-n devices.

After this overview, we will now present the individual effects of each of the deposition
parameters on the electrical and optical film properties. Then, we will describe the elemental
compeosition and the structural properties of 3 selected films from all studied series. Starting from
already optirised <p> pc-Si:H (see 3.3.1), CH4 was added to the gas phase in order 10 increase
the optical gap of the films.

The methane series is shown in Fig. 3.3.2.3, where o at RT and EQ4 are plotied as a function
of the CH4 gas phase ratio, The other deposition parameters are fixed as follows: BoHg gas phase
ratio = 0.6 %, Tdep = 170 °C,p= 0.8 mbarand P= 10 W.

An increase of the CH4 gas phase ratio results in a very sharp decrease of o together with an
increase of EQ4 as is commonly reported in another work [Luft 1993]. In fact, as already
mentioned previously, and as will be shown by the structural characierisation analyses (X-ray
diffraction and Raman spectroscopy}, an increase of the carbon content in the films results in a
structural transition from microcrystalline to amorphous material. At the above given deposition
conditions, the critical CH4 gas phase ratio is about 30 %.

A similar structural transition was already observed in a previcusly treated boron doping study
(see 3.3.1). In fact, it is now well known and generally accepted, that B2Hg [Ghosh 1992] and/or
CHg [Goldstein 1988] in the gas phase hinder the growth of crystallites. The Eg4 values obtained
here, as a function of the CH4 gas phase ratio, are surprisingly in the same range as those obtained
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for a similar series of standard a-SiC:H, deposited by the same technique [Crovini 1994]). Very
generally spoken, the optical gap mainly depends on the structure, on the elemental composition
(H, O, C, ...) and on the doping lcvel of the material. Here, in this methane series, all three
probably contribuic 1o the optical gap value. For low mcthane gas phase dilution (< 20 %), we first
ohserve a slight decrease of Eg4. In this regime, the structoral effcet (reduction of the crystallinity
when increasing the methane gas phase ratio) is possibly dominant and could hence explain the
slight decrease of Eg4. since, microcrystalline material has generally a higher optical gap (Ep4)
than amorphous material.
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Fig. 3.3.2.3: Room temperature dark conductivity and optical gap (Ep4) as a function of the
methane gas phase ratio, for <p>-type silicon carbide films.

Lncovsky and Wang [Lucovsky 1991] proposed the following explanation to the observed
limitation of the electrical transport in doped pc-SiC:H alloys (as is also observed here): Becanse
the pc-SiC:H alloys are essentially composed of S8i crystallitcs embedded in an a-SiC:H matrix,
increasing the carbon content of the films 10 increase transparency will increase the cffective band
off sets at the conduction and valence band cdges, thereby making transpart via thermal emission
over thesc barricrs dominate over ficld-emission (innneling) through the barriers.

The increase of the carbon content into the films by increasing the methane gas phase dilution
is checked by secondary ion mass spectrascopy (SIMS) analyses, that are presented later on in this
work. A further simple experimental check comes from the longer time needed to etch the film in
a hot KOH solution, since KOH is known to etch Si much more rapidly than C.

The boron doping series is shown in Fig. 3.3.2.4, where o4 at RT and Ep4 are plotied as a
function of the B2Hg gas phase ratio. The other deposition parameters are fixed as follows:
CHg4 gas phase ratio = 34 %, Tdep = 170 °C, p= 0.8 mbar and P = 10 W.

By increasing the dopam fas phase ratio from 010 0.1 %, od increases drastically from 10-810
the maximum value of 10-! S/cm, while Ep4 decreases from 2.22 to the minimum valee of
2.07 eV, due 10 an increase of the boron incorporation into the films. A further doping increase
resnlts in a strucinral transition from microcrystalline 10 amorphouns material, as was also abserved
previously in the <p> pc-Si:H study (see 3.3.1). For the given deposition conditions, the critical
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B2Hg gas phase ratio is about 0.5 %. The structural transition results in & pronounced decrease of
Gd, accompanicd by a small increase of Egg. The shape of the curve of the RT dark conductivity
is similar to the ene obtained for <p> [e-Si:H films shown in 3.3.1, with a shift to lower values (of
Gd) since, as was inferred from Fig. 3.3.2.3, carbon lowers the electrical conductivity of the films.

The opposite trend of the optical gap by doping can be cxplained as follows: The initial rapid
drop of the optical gap is directly related to the doping mechanism of the films, since doping
shrinks the optical gap of the films. The slight increase in the optical gap, just following the rapid
drop, is attributed to the stiructural transition from microcrystalline to amorphous material. Indeed,
a-SiC:H films generally incorporate more C than pc-SiC:H films, for a constant methane gas
phase ratio (see the SIMS analyses presented later on}. This should lead to films with higher
optical gap values.
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Fig. 3.3.2.4: Room temperature dark conductivity and optical gap (EQ4) as a function of the
diborane gas phase ratio, for <p>-type silicon carbide films.

As a conclusion, the more carbon is incorporated into the films, the less boron can be
incorporated - and vice-versa - before the mentioned structural transition from mierocrystalline to
amorphous material occurs, since both elements hamper crystalline growth. One has therefore, to
find a compromise between the electrical and optical properties, as one has to find a compromise
beiween diborane and methane gas phase ratios.

Fig. 3.3.2.5 shows the power series where ¢d a1 RT and Eqq are plotted as a function of the
input discharge power, measured at the power meter. The effective plasma power for the range of
0 - 10 W can be extracted from Fig. 2.2.1. The other deposition parameters are fixed as foilows:
CHg gas phase ratio = 34 %, B2Hg gas phase ratio = 0.1 %, Tdep = 170 °C and p = 0.8 mbar.

An increase of the input discharge power from 5 to 50 W results in a structural transition from
microcrystalline to amorphous material - as already observed for the methane and diborane series -
with a critical value around 16 W, for the given deposition conditions. While ¢ drastically
decreases from  5x10-1 10 2x10-11 $/cm, Eg4 increases from 2.04 to 2.34 eV, This
"amorphisation” through an increase of the input discharge power is proposed to be due 1o
changes in plasma properties, as already treated previously [Prasad 1990). Higher input discharge
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powers arc suggested [Prasad 1990] to resnlt in increased radical fluxes and in an increased ion
encrgy bombardment onto the film growth surface, what in its turn favours rapid growth of
amorphous material and hinders the formation of crystallites.
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Fig. 3.3.2.5; Room temperature dark conductivity and optical gap (Eg4) as a function of the input
discharge power measured at the power meter, for <p>-type silicon carbide films.

Deposition temperature and pressure have less drastic influences on the electrical and optical
film properties of <p> pc-SiC:H films. The deposition temperature series is shown in
Fig. 3.3.2.6, where o at RT and Eqy4 are plotted as a function of the deposition temperature Tdep.
The other deposition parameters are fixed as follows: CH4 gas phase ratio = 34 %, BaHg gas
phasc ratio = 0.1 %, p=0.B mbarand P = 10 W,

Very generally, the effect of Tdep on these carbide films is similar to effect of Tgep on
standard microcrystalline films (se¢ 3.1 for undoped and [Prasad 19%1a] for doped films). The
dark conductivity increases first rapidly by almost 4 orders of magnitude to reach the maximuom
value of about 1x10-1 $/cm at around 200 °C. A further increase of Tdep leads to a slight decrease
of od. As the author already suggested for undoped films in (3.1}, the initial rapid increase of 6g
up to the maximum value is attributed to a structural iransition from amorphous to
microcrystalline material. The critical Tdep value is around 90 °C for the given deposition
conditions.

The further slight decreasc of a4, observed for the film deposited at the highest temperature of
340 °C, is suggested to be attributed to a reduction of the film crystallinity. This "amorphisation™
at high deposition temperatores was already discossed in (3.1) for undoped films and was
suggested elsewhere [Prasad 1991] for doped films, The monotonous decrease of the optical gap,
for the cntire temperature range stodied, is in fact a well known trend; highcr temperatures
generally yield a shrinkage of the gap of the material, The mentioned structural transitions, as well
as elementai composition variations due to increased deposition temperature could furthermore
possibly contributc to the observed changes in the optical gap of the films.

For a device application of these films - such as window layers in p-i-n solar celis - the
deposition temperatore is often fixed (because of diffusion of B atoms at high temperatures} in the
range of 170 - 220 *C. For this temperature range, our <p> pc-SiC:H films present both high dark
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conductivity and high optical gap values; this is exactly what is expected for an efficient use of
our <p> Hc-SiC:H films as window layers in solar cells,
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Fig. 3.3.2.6: Room temperature dark conductivity and optical gap (Ep4) as a function of the
deposition temperature, for <p>-type silicon carbide films.

The deposition pressure series is shown hereafter in Fig. 3.3.2.7, where o4 at RT and EQ4 are
plotted as a function of the deposition pressure. The other deposition parameters are fixed as
follows: CH4 gas phase ratio = 34 %, BaHg gas phase ratio =0.1 %, Tdep = 170°Cand P=5W.
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Fig. 3.3.2.7: Room temperature dark conductivity and optical gap (EQ4) as a function of the
deposition pressure, for <p>-type silicon carbide films.
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The slight scattering of 1he EQ4 data observed in Fig. 3.3.2.7 is thought to be caused by some
aceuracy errors in their cvaluation from the absorption plots in the visible wavelengths, which
shaw specifically for noa-uniform films strong interference fringes. Deposition pressure seems to
have only very little cffect on the film properties, except for the unifermity. In the pressure range
of 0.35 to 0.85 mbar the films have a good to acceptable uniformity for their cntire surface except
for the borders due to the screening effect of the substrate holder during deposition, as simply
observed by the eyes. Quiside this range, the films are not uniform (see shaded zones in
Fig. 3.3.2.7). There is a direct relation between the plasma confinement and the film uaiformity, as
again simply obscrved by the cyes. For the pressure range for which the films are uniform
{i.e. 0.35 - 0.85 mbar), the plasma is well-confined between the two clectrodes. Qutside this range,
for low pressures the plasma extends too much outside the electrodes, while for high pressures the
plasma is too much localised and even separates in several distinct glow zones.

Deposition pressure has, to a much lower extent, the same trend of the electrical and optical
film properties as the deposition temperature (compare Fig. 3.3.2.6 and Fig. 3.3.2.7). Il seems
from Fig. 3.3.2.7, that lower pressures yield ta higher optical gaps and lower condactivitics. The
high conductivitics obtained (> 10-2 S/cmy for the entire pressure range studied indicate that we
are dealing here, in this study of the deposition pressure series, only with microcrystalline films.
The shrinkage of the gap at high pressures - what possibly explains the increase in conductivity -
is thought 10 be caused by changes in plasma phystcs, dynamics and chemistry. Films deposited at
higher pressures arc supposed to be of higher crystallinity, with a lower hydrogen and/or carbon
content.

For solar cell applications, and more specifically for window layers, high conductivity and high
transparency films are requested. Hence, films deposited at low pressure (i.c. around 0.4 mbar),
with their both relatively high conductivity and high optical gap and their still acccptable
uniformity, should best fil these requirements.

" Finally, an argon gas phase dilution series was performed ia the range of 0 to 44 %
{Ar/(Ar + H7)), with no cbservable effect on the film properties at all (*). The other deposition
parameters were fixed as follows: CH4 gas phase ratio = 36 %, BoHg gas phase ratio = 0.1 %,
Tdep = 160 *C, p = 0.35 mbar and P = 5 W. Higher Ar gas phase dilutions (> 80 %) scem to be
needed, before one can induce any noticeable changes in the film propertics [Kroll 1992). For the
given deposition conditions, the mass flow controllers unfortunately limited the dilution level o
the studied range. Higher scale mass flow controllers have to be installed, in order to deposit films
at higher Ar gas phase dilutions, for which the film properties are expected to change.

The results of the structural characterisation techniques (X-ray diffraction and Raman
speciroscopy) and of the secondary ion mass spectroscopy (SIMS) analyses arc shown
hereafter, for 5 sclceted films from the above mentioned series. Table 3.3.2.1 resumes the
deposition parameters, the film thicknesscs and the SIMS analyses.

Films #1-3 beloag o the methane gas phase ratio series, film #4 10 the diborane gas phase ratio
series and finally film #5 to the deposition pressure series. As expecied, an increase of Cg is
observed in the 3 first films, due to an increase of the methanc gas phase ratio. Due to the
mentioned "amorphisatioa” of the films for high CH4 gas phase ratios, CH is also slightly
increased. Note that standard amorphous films show generally higher hydrogen conteats than
microcrystalline films.

A lowering of the diborane gas phase ratio for film #4 resnlts in a decrease of the boron and
oxygen content. This reductioa of boroa content is known from Fig. 3.3.2.4 and 3.3.2.8 10 lead to
higher crystallinity material, what possibly explaias the related slight lowering of the oxygen
content. By the way, it was unfortunately not possible to get a meaningful result for the boron
cancentration of film #3 because of sample charging problems that occurred during measurement.
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Finally, a reduction of both deposition pressure and power for film #5 {relatively to film #4),
seems not to change significantly the incorporation of contaminants and dopants. In fact, as it will
be shown hercafter by the structural characterisation analyses (X-ray diffraction and Raman
spectroscopy), the structures of films #4485 are very similar,

Film JCH4/(SiH4 | B2H¢/(SiH4| P P d CH Co Cc Cp

# +CH4) [%] | +CH4) [%] | [W] | [mbar] [[(A] j|[at/ec] | [atec] | [at/ec] | [atice]
1 0 0.6 10 |08 5400 || 6x1021 | 2x1020 [ 2x1019 | 251020
2 [i34 0.6 10 |08 3200 || 2x1022 | 2x1020 | 251027 | 2x1020
3 [e7 0.6 10 los 4700 || 2x1022 | 2x1020 | 7x 1021 | -

4 |34 0.1 0 |08 2800 [ 7x1021 | 6x1019 | 1x102T | 3x1019
5 36 0.1 5 035  [[2100 [[7x1021 | 9x101% | 1x1021 | 251019

Table 3.3.2.1: Deposition parameters (methane and diborane gas phase ratios, power and
pressure), film thicknesses and SIMS analyses (CH, C(, CC, CB) of 5 selected
thin <p>-type silicon carbide films, from the previously mentioned series.

Fig. 3.3.2.8 shows the X-ray diffraction patterns of the same 5 selected films. Very generally,
few diffraction peaks and low intensilies are observed. However, Bragg reflections typical of
polycrystalline $i are still visible for films #1, 4&5 with the observed diffraction peaks
corresponding to the <111>, <220>, <311> and <331> orientations crystallographic planes. An
evaluation of the corresponding lattice constants a yields values of about 0.02 A bigger than for
crystalline phase Si (5.43 A). These differences could possibly occur due to film effects on the
latice constant evalnations, as for example a diffraction peak broadening due to the crystallite size
or a diffraction peak shifi caused by mechanical stress in the films.
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Fig. 3.3.2.8: X-ray diffraction patterns of the 5 selected <p>-type silicon carbide films.
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An estimation of the average size d of the grains by Scherrer's equation [Scherrer 1918], from
the dominant diffraction peak <220> of film #1, leads to a value of about 230 A. This <220>
dominant diffraction peak diffcrs from the <111> dominant diffraction peak observed for very thin
<p> pc-Si:H films (see 3.3.1). Very often, a columnar growth (vertically extending needles)
- related 10 the <220> diffraction peak - is observed for thick <p>-type microcrystalline silicon
[Prasad 1991 and LeBerre 1993].

High content C and/or B films #2&3 (see Table 3.3.2.1) are revealed to be amorphous - due to
the absence of diffraction peaks - as previously proposed. Thus, the vanishing diffraction peaks
by increasing the methane gas phase fraction from 0 up to 67 % for films #1 to 3, clearly indicates
the strnctaral amorphisation. Nevertheless, films with moderate C and/or B contents #1, 4&35
(sec Table 3.3.2.1) show a certain crystallinity. Also as expected, films #4&5 both possessing
relatively high B and C contents show a lower erystallinity from the diffraction peak intensities
than film #1, that has a much Tower carbon content. From the structural point of view, films #4&5
seem not 1o differ mach as was aircady suggested from the electrical and optical properties. Also
as supposed, no crystallinc phase SiC peaks [Miyajima 1992] are visible from the scanned
20 range, meaning that unfortunately the SiC crystalline phase does not exist or is only present 1o
ancgligible extent in our films.

Finally, the Raman spectra of the 5 selected films are shown in Fig. 3.3.2.9. Very generally, 2
disordered random network of Si (e.g. a-Si:H) which lacks long-range order yields a broad peak
near 480 cm-1 in the spectrum, whereas in contrast a crystalline Si steucture is represented by one
sharp peak near 520 cm*1 [Brodsky 1977).
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Fig. 3.3.2.9: Raman spectra of the 5 selected <p>-type silicon carbide films.

The crystalline feature near 520 con-l is present for films #1, 4&S with a ncgligible to small
contribution from the amorphous feature, while films #2&3 are revealed 1o be amorphons due 10
the broad structure near 430 cm-1. Again, the structural amorphisation by increasing the methane
gas phase ratio from 0 up to 67 % is clearly pointed out for films #1 to 3. Also, as inferred from
the X-ray diffraction patterns, films #4&35, both with reiatively high B and C coments, hardly
show a lower crystallinity from the Raman crystalline peak than film #1 (that has a much lower
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carbon content). Furthermore, as was already suggested, films #4&35 seem not to differ much from
the structural point of view. A closer study of their spectra of Fig. 3.3.2.9, however barely shows
for film #5 a lower position of the maximum of the crystalline peak than for film #4; this possibly
iodicates a slightly lower crystallinity (of film #5) as already proposed in the previously studied
pressure serics.

No signals at 760 cm! and 790 cm-! (outside the relative wavenumber range plotted in
Fig. 3.3.2.9), which arc the strongest characteristic Raman lincs of {paly-) crystalline SiC in the
range 100 - 1000 cm-1 [Feldman 1968], could be observed in the present films, so far. Such
Raman signals have only been observed for samples annealed at 800 °C and for stoichioraetric
polycrystaliine SiC [Carius 1994). Afl these results from the Raman spectroscopy measurements
are finally in good agreement with the previously-shown X-ray analyses. In fact, to our
knowledge, only very few groups reported by Raman spectroscopy measurements the existence of
crystalline phase SiC, for films deposited at low temperatures by a CVD technigue [Hattori 1988).

Thus, by these Raman speciroscopy measurements we close this study of boron doped carbide
microerystalline silicon thin films. The effects of the deposition parameters on the electrical,
optical and structural properties of thin <p> pc-SiC:H films were investigated, in order to optimise
the film properties; the goal is to deposit high conductivity and high transmission films for
window laycr applications in solar cells. Reaching a compromise between the electrical and
optical film properties by adjusting both diborane and methane gas phase ratios, <p> pe-SiC:H
films are revealed according to a criteria used by Luft and Tsuo, to be potentially better, as solar
cell window layers, than amorphous carbide and even pe-Si:H films. However, all the films
prescnted so far are thin layers of thicknesses ranging from 0.1 to0 0.6 pm, 50 as 1o facilitate their
optimisation and characterisation; for device applications as window layers, these above studied
films have to be thinner (£ 200 A) and it is towards this goal that we present hereafter results on
very thin <p> jc-SiC:H films,

3.3.2.3 Very thin films

First, the effect of boron doping on the growth and electrical properties of very thin
<p> pc-SiC:H films is investigated. Fig. 3.3.2.10 shows the room temperature dark
conductivity og as a function of the diborane gas phase ratio (BaHg/(SiH4 + CH4)) in the range
of 0 - 0.6 %, for different film thicknesses (range: 110 - 210 A). The other deposition parameters
were fixed as follows and appropriately chosen from previous optimisations of thin <p> pc-SiC:H
(ses 3.3.2.2): CH4 gas phase ratio = 34 %, Tdep =160 °C. p= 035 mbarand F=5 W,

Very generally, for all following results the trends for these very thin carbide films are identical
with the trends observed for films withont carbon (see 3.3.1). While, for the thickest films the
boron dopiog influences od only moderately, for very thin films the effect is drastic. To explain
the shape of the curves of constant thickness of Fig. 3.3.2.10, two competitive effects must be
taken into account; first, by increasing the diborane gas phase ratio slightly, the Fermi level is
pushed towards the valence band (throngh an increase of the boron incorporation in the films),
thus, increasing strongly gd. A further increase of the diborane gas phase ratio to values higher
than 0.4 % (for which the G curves show a maximum), leads to structural changes of the material
by amorphisation, as was also reported elsewhere for non-carbide films [Prasad 1991 and
Ghosh 1992] and shown here in chapter (3.3.1).

In fact, it is now generally believed and well accepted that diborane in the plasma gas phase
favours the formation of amorpbous material by increasing significantly the number of growth
sites through hydrogen abstraction ("scavenging action”) and reduction of the surface diffusion
coefficient; this is said to enhance the film growth rate {(as will be shown later) [Ghosh 1992 and
Chou 1992). Furtbermore, it was proposed elsewhere {Prasad 1991 and 1991a], that in heavily
doped samples inactive boron atoms segregate to the grain boundaries, where they hinder the
formation of crystallitcs. Since the daping efficiency in amorphous material is much lowcr than in
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pe-Si:H (due to a lower structural ordering) [He 1983, Spear 1981 and Willeke 1992], and
furthermore an increased doping for already degenerated films results in a reduced charge
mobility (due to inactive boron atoms that create defects in the encrgy band), the RT dark
condnctivity of very thin pc-8iC:H films decreases strongly with diborane gas phase ratios higher
thae 0.4 %.
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Fig. 3.3.2.10 Room temperatore dark condnctivity as a function of the diborane gas phase ratio,
for different <p>-type silicon carbide film thicknesses.

The general trend observed of the decrease of 6d with decreasing film thickness for a constant
diborane gas phase ratio may be cxplaincd by a struetural transition: The dominant phase changes
from microcrystalline to amorphous material, as was already suggested for non-carbide films
(sec 3.3.1). This effect is furthermore very dependent on the diborane gas phase ratio, as it can be
observed in Fig. 3.3.2.10. The optimised diborane gas phase ratio, for what concemns both the
electrical properties and the crystallinity of the deposited films, seems to be around 0.4 %; this
diborane gas phase ratio will be fixed at 0.4 % from now on, and for the thickness series studies
presented hereafter.

The shape of the curves of the RT dark conductivity of these <p> pc-SiC:H very thin films are
similar to the ones obtained for very thin <p> pc-5i:H films shown in Fig. 3.3.1.1, with a shift 10
lower values, since as inferred from Fig. 3.3.2.3, carbon lowers the electrical conductivity of the
films. The optimised diborane gas phase ratio - corresponding to the maximum &g - is moreover
slightly shifted to lower values, since carbon also hinders the formation of crystallites
{Goldstein 1988].

The deposition rate r varies, in this study of very thin <p> pc-SiC:H films, with the diborane
gas phase ratio and also with the thickness of the films, as presented in Fig. 3.3.2.11; the later
effect {deposition rate dependence on the film thickness) will be specified later, in the study of the
thickness series with constant diborane gas phase ratio of 0.4 % (see Fig. 3.3.2.12).

For a constant (hickness of abont 180 A, the deposition rate increases from about 0.26 to
0.34 Ass quite linearly with doping over the scanned range of 0 - 0.6 %, Similar findings were
reported elsewhere [Prasad 1991, Ghosh 1992 and Choun 1992], and shown in Fig. 3,3.1.2 for very
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thin <p> pe-8i:H films. As the author already claimed, structural changes occur in the material
(from pc-SiC:H to a-8iC:H) when increasing the diborane gas phase ratio, resulting in an
enhanced deposition rate, since a-SiC:H is well known and generally accepted to grow faster than
pe-SiC:H.
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Fig. 3.3.2.11: Deposition rate as a function of the diborane gas phase ratio, for different
<p>-type silicon carbide film thicknesses.

The increase of r by boron doping was preliminary observed for a-8i:H, as reported by Perrin et
al. [Permin 1989]. 1t was claimed there, that diborane presumably strongly catalyses H2 desorption
for the growing film surface, leading thus, to a decreased H-coverage. The variation of r with
boron doping complicates the study of the effects of the boron doping on the film properties, since
as shown later, the film properties significantly depend on the film thicknesses, for our very thin
<p> pe-SiC:H films investigated.

From now on, we will concentrate on a thickness series of very thin <p> pc-SiC:H films, with
the fixed diborane gas phase ratio of 0.4 %. Fig. 3.3.2.12 shows the thickness of the films as a
function of the deposition time {measured from the starting of the plasma). It is important to point
out here that we are dealing with very thin films (d < 230 A), and thercfore with the initial growth
regime.

The shape of the curve is surely not a straight line (for our investigated flm thickness rangc),
mezning tbat for this regime of initial growth, the deposition rate is not constant. The
cxtrapolation of the curve with a straight line for the lowest thicknesses leads to an “induction
time" of about 200 seconds. This value is suggested (by the anthor) to correspond to the time
needed for the initial nucleation. Due to the lack of very thin films of thickness < 100 A, this given
value for the "induction time” is only a rough estimation, For increasing time, the effective
deposition rate (calculated from the end of the "induction time™) decreases from an estimated
value of about 0.5 A/s for the deposited film of lowest thickness {~ 110 A), and tends for thicker
films to the constant deposition rate value for bulk material. This trend can be explained by
considering the fact that the structure of the films is predominantly amorphous for very thin films,
and becomes microcrystalline with hardly any a-Si:H phase for thick films, as was previously
shown by the detailed structural characterisation analyses (TEM, Raman spectroscopy, X-ray

65



diffraction/reflection and speciroscopic ellipsometry) of very thin <p> pc-Si:H films. The
presence of such an "induction time" for boron doped films was obscrved in an earlier work
[Prasad 1991 and 1991a} and inferred from in Fig. 3.3.1.3 for non-carbide films.
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Fig. 3.32.12: Film thickness as a function of the deposition time, for the <p> pe-SiC:H thickness
series {initial growth regime) with the fixed diboranc gas phase ratio of 0.4 %.

Since the deposition rate is a function of the diborane gas phase ratio as we mentioned above, it
is very probable that the "induction time" is also a function of the diborane gas phase ratio. In fact,
the "induction time" gencrally depends on the entire set of depasition parameters and also on the
type of subsirates. These measurements of the deposition rate as a function of the diborane gas
phase ratio and film thickness are very important for solar cell applications {window layers and
tunnel junctions), for which very thin films of specific thicknesses {ofien lower than 200 A) are
required.

We already mentioned, while analysing the effects of the boron doping on the room
temperature dark conductivity (Fig. 3.3.2.10) of our set of <p> pc-SiC:H very thin films, the
general trend of the decrease of ad when decreasing the film thickness for a constant diborane gas
phase ratio. Here, we specifically point out in Fig. 3.3.2.13 this obscrvation, for our thickness
series of very thin <p> pc-SiC:H films with the optimised and fixed diborane gas phase ratio of
0.4 %. Fig. 3.3.2.13 shows the room temperature dark condnctivity G4 and the correspending
dark conductivity activation energy Eq as a function of the film thickness. Since, the Arrhenius
plot of the dark conductivity often shows for higher temperatures (100 - 200 'C) a slightly
different stope than for temperatures below 100 *C, we represent in Fig. 3.3.2.13 the values of Eg
as determined from the temperatare range from room temperature (RT) up to about 100 °C.

agd remains still at high valocs, higher than 10-2 Sfcm down to thicknesses of about 200 A, with
corresponding low activation energy valoes of about 100 meV, while beyond this thickness the
conductivity begins to fall and Eg 1o increase more rapidly. The conductivity reaches, even for
thinner films {~150 A}, quite remarkably high values of > 10# S/cm, which are still above those
of thick doped a-SiC:H (< 106 Sfcm) or even thick doped a-Si:H (16-5 _ 10-4 S/cm). The
relation beiween g and the film thickness (Fig. 3.3.2.13) is well known for both the very thin
microcrystalline and amorphous Si films used as window layers and tunnel junctions in solar cells
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[Luft 1993, Li 1994 and Prasad 1991a], but such high o and low Eg values, as reached for onr
investigated very thin <p> pe-SiC-H films, were seldom reported.
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Fig. 3.3.2.13: Room temperature dark conductivity and dark conductivity activation energy as a
function of <p>-type silicon carbide film thickness, for the optimised and fixed
diborane gas phase ratio of 0.4 %.

As we already showed, the boron doping has drastic effects on the film properties for very thin
films and has therefore, to be carefully optimised. The entire problem lays on the ability of
depositing highly doped pe-SiC:H material, already for the early growth {initial growth regime) of
the films, with a thinnest as possible or even vanishing amorphons interface layer. The already
suggested structural transition from microcrystalline to amorphous material, when decreasing the
film thickness, was previously confirmed by detailed strucioral amalyses (TEM, Raman
spectroscopy, X-ray diffraction/reflection and spectroscopic ellipsometry) of very thin
<p> pc-Si:H films (see 3.3.1). The rapid fall in G for films thinner than ~ 150 A is proposed by
the anthor to be attributed to a critical stimctural wransition from microcrystalline to amorphous
material; the crystallites become too small and too far away distanced from each other - resulting
in a low crystallite volume fraction - to allow a conduction path through the crysiallites by
percolation. The amorphous phase becomes the dominant phase for what concerns the electrical
properties of the films.

These very thin <p> pc-SiC:H layers were further characterised by spectral transmission and
reflection measurements in the visible range. The film transmission in the visible {ro! shown here}
decreases rapidly by increasing thickness, as was previously inferred from Fig. 3.3.1.5 for a
thickness series of <p> pe-SizH films deposited onto DC 7059 glass. Furthermore, an increase of
the doping level results in a decreased transmission of the films, due to a shrinkage of the optical
gap. Therefore, it is for our very thin film series deposited onto glass, with variations of both the
thickness and the doping level, almost impossible to quantitatively sort the best optimised film, for
what concerns its application as window layer in solar cells.

Moreover, films deposited in the final device are known to show often different properties by
comparison with films deposited onto glass, due to several effects that are inherent to the
deposition of devices, such as substrate-dependence of the growth, contamination from the
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chamber walls, deposition parameter range limitations (e.g. temperature because of dopants
post-diffusion) and so on. One has therefore really to optimise the very thin films in the device,
with the experience inferred from such studies of films depasited on glass.

3.3.2.4 Conclusions

Starting from previously obtained results, where the VHF-GD process at 70 MHz plasma
excitation frequency has shown ta be a very suitable technique for preparing at Iow temperatures
doped highly conductive pe-Si:H layers, methane was added to the plasma gas phase in order 10
increase the opiical gap of boron doped pe-Si:H films and. thus, decrease the absorption losses
{when such layers arc used in p-i-n solar cells). For small CH4 fractions, thin pc-SiC:H films
could be obtained, which are revealed according te a criteria used by Luft and Tswo, to be
potentially better, as solar cell window layers, than amarphous carbide films and even pc-Si:H
ftlms.

In the context of the 70 MHz VHF-GD technique and the gases used in this wark, there is so far
no evidence from detailed structural analyses and electrical properties for the appearance of
crystalline phase SiC. Furthermare, we show that a "tog” high methane and/or diborane gas phase
ratio, as well as a "1o0" high input discharge power leads to amarphons material. The other
deposition parameters checked (temperature, pressure and argon gas phase dilution) have
sensitively less drastic influences on the film properties. Thus. a wide range of film properties
were obtained with structure ranging from microcrystalline to amorphaus.

For a concrete application of these <p> pc-SiC:H films as window layers in solar cells, a
down-scaling of the film thicknesses 10 values lower than 230 A could be successfully performed,
by carefully aptimising the diborane gas phase ratio. An "induction time" of about 200 seconds
was observed for the initial growth regime; this has further to be taken into account for the
depositian of very thin films of specific thicknesses, as required for example for window layers in
solar cells, Moreover, the structure of the growing films is predominantly amorphous for the early
beginning of the deposition and becames microcrystalline with hardly any amorphous phase when
increasing film thickness.

Thus, down to thicknesses of about 150 A, highly conductive and highly transparent very thin
<p>-type We-SiC:H layers can now be prepared; they could become excellent window layers and
tunnel junctions for solar cell applications. However, full p-i-n solar cells have yet ta be
fabricated. that incorporate these new layers.
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3.3.3 General conclusions

We optimised in this chapler <p>-type microcrystalline silicon films for window layer
applications in p-i-n solar cclls, for which high conductivities and high transparencies are
required. Since very gencrally, the electrical and optical propenies of the films show opposite
trends, a compromise had to be found. By varying the deposition parameters, a wide range of film
properties were obtained for film structures ranging from microcrystalline to amorphous.

Methane was added to the plasma gas phase, in order 1o increase the optical gap of the films.
We showed, that as with boron doping, 2 "too” high methane gas phase ratio leads to amorphous
material. A careful optimisation of both methane and diborane gas phase ratios leads to
microcrystalline films with excellent properties for window layers in p-i-n solar cells.

The film thicknesses were reduced 1o the lowest value of about 100 A (limited by the
characterisation techniques) in order to really deal with films of thicknesses encountered in p-i-n
devices. Even for the lowest thicknesses, the films sbowed a certain erystallinity. After an
"induction time", depending sensitively on the deposition parameters, the films were observed to
follow an "inverted conical” growth structure. The initial structural transition from amorphous to
microcrystalline materia) was further observed at the critical thickness of about 150 A.

Compared to amorphous silicon carbon alloy the newly developed <p> pc-Si:H or
<p> ue-SiC:H show enhanced window layer properties and should lead to an increase solar cell
performance. However, the influence of the substrate on the microcrystalline silicon growth
remains open, the electrical and optical properties were obtained for films deposited on glass
substrates,

Thus, as for undoped films, the VHF-GD at the plasma excitation frequency of 70 MHz shows
to be also very efficient in depositing highly conductive and highly transparent boron doped
microcrystalline films, at both low input powers and deposition temperatnres. However, in the
context of the VHF-GD technique and the gases nsed in this work, there is unfortunately so far no
evidence for the appearance of crystalline phase SiC.
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3.4 General conclusions to the film series studies and entlook

Detailed studies on undoped, compensated ("truly intrinsic” midgap material) and boron doped
Me-SizH film series were prescnted, the goal being their optimisations for solar ccll applications.
The 70 MHz plasma excitation frequency PECVD technique used in this work is revealed to be
very favourable for the rapid growth of high crystallinity microcrystalline layers, Furthermore,
lower input plasma powers and substrate temperaturcs could be used, in comparison with the
standard 13.56 MHz plasma excitation frequency; the space of deposition parameters seems
simply to be extended for the growth of high quality microcrystalline Si films.

The benefits of the 70 MHz GD are proposed to be related to differences in plasma chemistry,
physics and kinetics. As a maticr of fact, results from plasma diagnostics and impedance analyses
suggest that a higher but less energetic ion flux to thc growth surface - due to a lower self-bias
potential, lower sheath voltages and lower sheath thicknesses - lead to a favourable growth of
pe-Si:H vnder VHF conditions.

A temperature series of undoped pc-Si:H films - that arc revealed to have the usnal <n>-type
character, as most GD deposited films - clearly points out the differences in the properties of
fre-Si:H films deposited at the plasma excitation frequencies of 13.56 and 70 MHz . An increase
of the growth rate and grain size with no adhesion problemns were mainly observed under VHF
conditions. Higher plasma excitation frequencies seem also to lcad to pe-Si:H films showing less
defects. The variation of the deposition temperature leads to a wide range of film properties with
films tending for higher temperatures to denser and more crystalline material.

Thus, the YHF-GD at the plasma excitation frequency of 70 MHz has shown to produce
pe-SizH at high deposition rates {~ 0.7 Afs or even higher !) with a satisfactory adhesion to the
substrate; thesc are two essenatial conditions for the sapid growth of some micrometers thick
yc-8i:H films as active layers in solar cells. The <n>-type character obsecved for nominally
undoped films is however undesirable for the above mentioned applications as photovoltaically
active layers in solar cells and it is towards this goal that compensation experiments were
undergone. By a stepwisc microdoping of the plasma gas phase in the vppm range compensated
films could be obtained with the Fermi level position at midgap. Detailed absorption
measurements indicate a low subgap absorption for these films, which counld be a sign of a low
defect density. Light-soaking experiments with an intcnse high-pressure sodivm lamp have clearly
shown better stability for the new compensated Jic-5i:H than for undoped films. In fact, from the
series of films studied, the compensated one appears to be the most appropriate for solar eell
applications - as a new promising stable photovoliaically active material - since it degrades the
least, its dark conductivity is the lowest and its photeconductive gain is the highest. We even
further suggest that pc-Si:H generally degrades less than a-Si:H.

Finally, for p-i-n solar cell applications, highly conductive and highly transparent <p>-type
microcrystalline very thin films (100 - 200 A) were optimised. The effects of the main deposition
parameters on the f{ilm properties were studied. A particular aitcntion was brought on the initial
growth rcgime for very thin films of thicknesses as requested for the applications as window
layers and tunnel junctions in solar cells. A careful optimisation of matnly the diborane and
methane gas phase ratios lead to highly conductive and highly transparent microcrystalline films,
even for low thicknesses of about 150 A. The substrate-dependent growth under microerystalline
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silicon plasma conditions was confirmed by the observation of an epitaxial growth of a <p>-type
Si very thin film deposited onto c-Si. This further points out the new potential application of the
VHF-GD technique for the deposition of epitaxial {ayers for ¢-Si based heterojunction sofar cells.

All these developed and optimised films (compensated and boron doped} have yet to be
incorporated in solar cell devices (e.g. single, double or even triple p-i-a's, heterojunctions and
n-i-p's) and optimised for the device performances. Very surely, same ncw problems inherent 10
the fabrication of the devices will have to be faced. This is fully another task, since the films are
no mare an entity by themselves but belong to a full device, for which each constituting film has a
specific role and where furthermore the interactions between these up io now independently
analysed films become crucial.

To conclude, this presented thesis wark of film development and optimisation for some specific
devices applications can be compared to the establishment of the playing rules of a given complex
game. The next step would be to use the rules for playing the game ... (!}
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4 APPLICATIONS OF MICROCRYSTALLINE SILICON
THIN FILMS TO PHOTOVOLTAIC DEVICES (SOLAR
CELLS) AND TO MICROELECTRONIC DEVICES

In the present work, we mainly focused so far on the rescarch and optimisation of
microcrystalline silicon thin films for multiple applications to photovoltaic deviees (solar cells).
We will now, in this chapter, mention the realised applications (in our laboratory mainly done by
co-workers) of the developed pe-Si:H thin films to several kinds of solar cells. Other potential
applications of microcrystalline silicon thin films and of our VHF-GD technique at a plasma
excitation frequency of 70 MHz to large area microelectronics are also very briefly given.

4.1 Photovoltaic devices

Very generally, microcrystalline Si and SiC thin films are incorporated in our solar cclls mainly
as window layers, tunnel junctions, and even as photovoltaically active layers. In the world-wide
quest for higher sunlight conversion efficiencies of a-Si:H based photovoltaie solar cells, a number
of approaches appear promising: 1) the use of multiple junction devices (tandem or triple ecils),
2) the use of highly conductive and transparent p- and n- layers, and 3) the reduction of interface
recombination losses. Mierocrystalline silicon with its general weaker absorption (in the visible
range), enhanced infrared response and higher conduction {than a-Si:H) is nseful in all these
approaches [Luft 1993].

4.1.1 Completely microcrystalline Si p-i-n-type solar cells

This part will exhibit the real importance of this innovative work by pointing out the
tremendous potential of the newly developed compensated microcrystalline silicon (see 3.2) as
photovoltaically active material in entirely microcrystalline silicon p-i-n solar cells and that in
contrast with the established general viewpoint.

Indeed, diffcrent characterisation methods sueh as electron spin resonance (ESR) {Liu 1986]
and field effect measurements [LeComber 1983] suggested for the microcrystalline silicon
material a defect-rich region at the gmin boundaries or amorphous zones, with defect densities in
the order of 1017 - 5x1018 em-3, distributed energy-wise over the whole energy gap. These high
defect densities together with low photoconductive gains probably hindered up to now the use of
undoped pc-Si:H material for solar cell applications as photovoltaically active material.

Until this work, only very few studies have been done concerning pe-Si:H in p-i-n cells as
photovoltaically active material [Wang 1990 and Faraji 1992], probably because of the suspected
high defect densitics as mentioned above. However, our investigations on films deposited by
VHF-GD at a plasma excitation frequency of 70 MHz (this work) led to the general recognition of
the fact that compensated ("truly intrinsic” midgap material) pc-Si:H is more stable under light
exposure than a-Si:H (see 3.2). This fact has already been shown by other groups [Liu 1986 and
Williams 1991].
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As it is now well known, microcrystatline silicon shows a weaker ahsorption for the short
wavelengths than amorphous silicon; however, in the near infrared (for hy > Eg) it has an
enhanced absorption [Wang 1990, Mcier 1995 and Beck 1995]. On the other hand, we found, as
shown in Fig. 3.2.4 and Fig. 4.1, a significantly lower subgap absorption (for hv < Eg) of onr
compensated material as compared to that found by other groups. The subgap absorption of onr
compensated [ie-Si:H reaches values even as low as those obtained for good amorphous material
in the annealed state [Meier 1995 and Beck 1995). Fig. 4.1 shows the absorption spectra of a
1.8 pm thick compensated pc-Si:H film as measured by PDS [Meier 1995]. One of the recent
constant photocurrent method (CPM) measurements executed by the Prague group (M. Vanecek
and N. Beck) of our compensated pc-Si:H layers is also given in Fig. 4.1, for comparison.
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Fig.4.1:  Absorption spectrum of a 1.8 pm thick compensated pc-Si:H film as measured by PDS
and transmission/reflection spectroscopy [Meier 1995]. A recent measurement
obtained by the CPM technique (by M. Vanecek and N. Beck [Beck 1995]), for our
compensated material is also plotted. For comparison, the pc-Si:H spectrum given in
another work [Godet 1987], together with those of amorphous and crystalline silicon
are also added,

1t clearly follows that, compared to a-Si:H, the yc-Si:H absorption opens a real potential in
additionally making use of the sun's spectrum in the near infrared to a higher extent and, thus,
increasing the short circuit current density (Jsc) of the cell; however, to this end, the active layer
thickness has to be increascd or more sophisticated light trapping has to be applied than usually
done. Spectral response (SR) measutements of our entircly pc-Si:H p-i-n cells [Flickiger 1993
and Meier 1994a] (see also Fig. 4.2) confirm clearly the higher infrared absorption. Fig. 4.2 shows
morcover the very pronounced effect of the micro-doping of the <i> layer on the cells and on their
spectral responses [Meier 1994a]. All three cells presented have the same <p> and <n> layers and
the same <i> layer except for the micro-doping. Very surprisingly, we also found [Meicr 1994}
that in cells with thicknesses as high as 1.7 pm, practically all photogenerated carriers could be
collected, which is in contrast with the case of a similarly thick amorphous p-i-n cell. This last
point further clearly coafirms the real potential of our compensated pc-Si:H when used as
photovoltaically active material in solar cells.
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Fig. 4.2: Influence of micro-doping of the <i> jc-Si:H oa the spectral respoase of entirely
pe-Si:H cells (1.6 pm thickness) [Meier 1994a]. For comparison, the spectral response
of a standard a-8i:H cell is also plotted.

Under AM1.5 coaditioas, we obtained, for our best pc-Si:H cells [Meier 1994], a short circuit
curreat density of 21.9 mA/cmZ, which is significantly higher than the highest value ever reported
for amorphous silicon solar cells and which is clearly consistent with the data obtained from the
absorption spectra. The best cells of 1.7 um thickness show an efficiency of 4.6 % (for an active
area of § mmz), whereas the obtained opea circuit voltages {Voc) were oaly between 340 and
390 mV aad the fill factors (FF) between 40 and 60 %. The potcatial ia further incrcasing the
efficiency lies in an increase of the active layer thickness in order to obtain higher short circuit
curreat deasities, in the optimisation of the p-i interface for achieving higher ¥o¢ values and
finally in the optimisation of the back contact reflector for the infrared light. We showed
previously in another study [Flickiger 1993] that Vo values of 600 mV are in fact obtainable by
introducing a-Si:H buffer layers. However, these cells (at least so far) have very low fill factors.
aad possess a “bend"” in the active region of the I-V curves; the latter is thought to be cansed by a
bend spike at the p-i interface due to the higher gap of the amorphous buffer layers. This problem
is still unsolved and more work in this field has to be doae ia the future. It is as yet aot clear
whether the introduction of amorphous buffer layers can fead to high Vgc-values without
introducing the disturbing "bead” in the I-V curve.

The most important problem of stability under long-term light-soaking conditions was also
investigated for our completely microcrystalline cells [Meier 1994). The degradation experiment
was uadcrtaken, as is recommended by the National Renewable Energy Laboratory (NREL, USA)
for amorphous silicon solar cells: 100 mW/cm?2 AM1.5, 1000 h, 50 °C. The microcrystalline cells
ware exposed to an AMI.5 light source of 90 mW/cm?2 over more than 640 h. The surprising
result of Fig. 4.3 [Meicr 1994] (somewhat expected from film degradation studics) shows almost
no degradation; the precise characterisation by SR and standard current voliage (I-V)
measuremeats of the microcrystalline cells before and immediately after the degradation (without
an anncaiing) results in the following changes (including fluctuations of the apparatus):
AVoc <2 %, Alge < 1% and AFF < 2%.
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Fig. 4.3: Stability behaviour of an entirely pe-Si:H p-i-n solar cell under long-tcrm light
exposure (- 90 mW/em2 AML.5, T = 47 C). For comparison, typical results of
degraded a-Si:H single p-i-n cells (> 10 % initial cff'clcncy) obtained by the same
degradation light source are aiso plotied.

Compared to high efficiency amorphous cells (> 10 % initial efficiency) there seems to be no
degradation due to light-soaking present in the entirely pe-SizH solar cells. The stability of the
conductivity under illumination ¢j]) in compcnsated pe-Si:H films when light-soaking is
performed has already been found from fitm degradation studies (see Fig. 3.2.7). The comparison
with a-Si:H solar cells might yet not be deemed as being representative, as the conversion
efficiency of our pe-Si:H cells is only 4.6 % , and as it is known, that a-Si:H ecells of e.g. 5 %
initial efficiencies are less affected by light-soaking than high efficiency cells (> 10 % initial
efficiency). On the other hand, one has 1o note that our fully microcrystalline cells do have {unlike
a-3i:H cells with § % efficiency) reasonable values of FF and high values of Jse, which are both
indeed not affected by light-soaking.

Finally, voltage-dependent spectral response measurements were performed on our compleicty
microcrystalline p-i-n solar cells in order to get insight on the carrier transport mechanism
[Meier 1994]. The carrier collection behaviour scems to lie between that of a-Si:H and ¢-Si
leading us to suggest that the carrier-collection mechanism is partly diffusion-supported
[Meier 1994]. The existence of this transport mechanism is also well supported by the observation
of a strong peripheral effect in our pe-Si:H cells, as seen is light beam induced current (LBIC)
measurements; this strong peripheral effect has in fact to be carefully taken into account for
accurate efficiency measurements [Meier 1994].

Fig. 4.4 shows a cross-sectional SEM (scanning electron microscopy) picture of a compleiely
microcrystalline p-i-n-solar cell {2.1 pm thick) deposited onto SnQ2 coated glass and covered
with an ITO/Ag layer acting as back-reflector. The vertically needte-like extending crystallite
growth within the cell is clearly visible. It is important to note here that duc to the obscrved
preferential columnar growth, the electrical properties obtained by a coplanar electrode
configuration (i.e. by the usual configuration) may possibly differ much from those obtained for a
sandwich configuration of the film. Let us keep in mind that the properties relevant for the cells
are those of the vertical transport.
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Fig. 4.6: -V characteristics under AM1.5 conditions of the a-5i:H/pc-Si:H tandem cell, in
comparison with a conventional a-Si:H/a-Si:H tandem cell {Meicr 1994a].

Because of the relatively low open circuit voltage of our completely pe-5i:H solar ccll
(< 400 mV), as already mentioned previonsly, the performance of a-5i:H/a-Si:H/pc-Si:H triple
stacked cells is expected to be even superior over that of tandem cells. Such triple cells were thus
recently fabricated for the first time in our laboratory and show, for the best cells, an efficiency of
9.5 9% under AM1.5 conditions [Meier 1995a].

The combination of the pc-Si:H cells with standard a-Si:H cells obviously lcads to
Stacbler-Wronski degradation cffects under light exposure. However, the amplitude of the
degradation is expected to be clearly reduced with respect to that of pure a-5i:H stacked cells due
to the absence of degradation in the microcrystalline films (see Fig. 3.2.7) and cells (see Fig. 4.3)
and due to thinner a-5i:H cells [Meier 1995a).

The highest deposition rate of approximately 1 A/s, obtained by our VHF-GI) technique at the
plasma excitation frequency of 70 MHz, is sill far too low for the industrial production of a
1.7 pm thick solar cell. This is, in our personal point of view, presently the main bottleneck for the
use of microcrystalline silicon as a commercial photovohaically active solar cell material.
However, good hope is still kept since higher plasma cxcitation frequencics and, cspecially other
deposition techniques (e.g. hot wire) are known to be now able to further increase the deposition
rate of pec-SicH. '
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4.1.2 n-i-p-type amorphous Si solar cells with <p> e-Si:H window layer

The detailed practical experience shows that <p>-type microcrystalline silicon window layers
are also successfully used in n-i-p-type amorphous Si solar cells, leading to relatively high Voc
values (890 mV without buffer layers) and to better cell efficiencics than for cells based on
conventional <p>-type amorphous window layers [Goetz 1995]. These n-i-p solar cells deposited
on metal substratcs have three striking advaniages compared to the conventional p-i-n iechnology
on glass: First, cost reduction can be expected because of omilting expensive textured TCO on
glass. Second, a wider choice of surface textures of the metal substrates offers the possibility of
further optimised light trapping. Third, deposition temperatures for the <i> layers higher than
250 °C are generally possible, sincc the most critical interface (i-p) is deposited last.

4.1.3 ¢-8i based heterojunction structure solar cells

In the ficld of heterojunction solar cells, we demonstrated the emitier, passivation and back
surface field (BSF) properties of microcrystalline silicon layers deposited on <p>-type crystslline
silicon [Keppner 1994 and Torres 1954]. Surface passivation is of esseniial importance in order to
increase the total solar cell efficiency by enhancing the open circuit voltage V. So far, mainly
oxides and nitrides grown at high temperatures were used. The PECVD technique a1 the plasma
excitation frequency of 70 MHz showced to be a non-destructive deposition technique for the
growth of a-5i:H and pc-8i:H thin films omo c-Si surfaces. Note thal ¢-8i cells are very sensitive
1o surface damages through increased surface recombination velocity, leading as major
consequence, (o a reduction in the value of Voe. In our heterojunction cells relatively high values
of Ve cauld be obtained (up to 635 mV), Furthermore, very efficient surface passivating e-Si:H
films and highly doped <p>-type layers could be deposited for the creation of a back surface field.
The scrial resisiances of the cells were significantly reduced by the inherent high conductivity of
the <n>-type ue-SiH we uscd. The detailed scientific results coneerning our heterojunction solar
cells are fully described elsewhere [Keppner 1994 and Torres 1994].

4.1.4 Summary

In Table 4.1 erc listed, as a summary, all different types of solar celis febricated in our
laberatory using onc or more microcrystalline Si thin films developed and optimised in this thesis
waork. References to publications are also given for further detailed descriptions.

Silicon solar cell structures References

p{uc)-i(a)-n{pc) Work under way ...

puc)-i(uc)-n{pc) [Fliickiger 1992, 1993, Meier 1994,
1994a, and 1995)

n{uc)-i(a)-p{uc) [Goetz 1995]

p(a)-ia)-n{uc)-p(uc)-i{a)-nijuc) Work under way ...

pla)-1(a)-n(uc)-puc)-I{uc)-n{uc) [Meier 1994a, 1995 and 1995a)

p(a)-1{a)-n(uc}-pla)-i(a)-n{pc)-p(pc)-i(ue)-n(uc) [Meier 1995a)

n(puc)-d(a)-ple)-i(a)-p(uc) [Keppner 1994 and Torres 1994]

Tabled.]: Enumeration of all different types of solar cells fabricated in our laboratory using one
or more microcrystalline Si thin films developed and optimised in this thests, with the
corresponding references to publications, The abbrevialions used for crystalline,

microcrystaltine and amorphous are, respectively: "c”, "uc” and "a".
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4.2 Microelectronic devices

As already mentioned by the author in (3.3.1.3}), onr findings of epitaxial growth of <p>-type Si
at low temperature by our VHF-GD technique at the plasma excitation frequency of 70 MHz open
a wide range of potential applications for opto-electronic and microclectronic devices, such as for
the fabrication of advanced metal-oxide-semiconductors (MOS) and for the bipolar integrated
circuit (ULSI) technology. For example, dopant redistribution can be avoided at low temperature
50 that an abrupt dopant transition can be obtaincd. On the other hand, low temperature epitaxial
growth reduces autodoping, wafer warping, and system design cost. Furthermore, a greater liberty
in the sequences of deposition steps is introduced.

The VHFE-GD technique, developed in our laboratory, shows many advantages for low
temperature epitaxial growth, including batch-wafer processing, low cost, the absence of
nitra-high (UHV) requirements, large area deposition, and the capability of low temperature
growth assisted by plasma.

Hydrogenated amorphous silicon films are now widely used in opto-electronic devices (solar
cells, flat pane] displays and contact image sensors) and electronic devices (thin film transistors
(TFT's)) [Kanicki 19911, The factors limiting their applications are the low charge carrier
mobility, low electrical conductivity and poor electrical reliability (due to light induced
degradation) even at room temperature, generally related to the intrinsic network structure.
Changing intrinsic network of a-5i:H into microcrystalline phase could be the most effective way
to improve the characteristics of the devices mentioned above, since pc-Si:H shows higher
cffective carrier mobility and stable electrical properties.

Polycrystalline silicon and microcrystalline silicon TFT's with high effective charge carrier
mobility have recently received considerable interesi for their use in flat-panel display devices for
cxample, in place of a-Si;:H TFT's. Materials with better performnance are required for the TFT’s
used for display addressing (active matrix display) to integrate the driving electronics and to
reduce the number of connections to the screen, Also, due to display sizes that become larger and
larger, higher and higher drain currents of TFT's are requested.

Low temperature processed TFT's incorporating <n>-type Uc-Si:H source and drain contacts
and boron-compensated (*truly intrinsic” midgap material) pe-Si:H channel layers were thus
fabricated .and reported. [He 1993} to exhibit low threshold valtages (1.1 V) together with high
effective channel charge carrier mobilities (6.5 cm2/Vs). The substitution of a-Si:H by pc-Si:H in
TFT's results in the following performance improvement, i.e. a reduction of the threshold voltages
and an increase of the effective channe! carrier mabilities [He 1993, Hsu 1994 and Parsons 1994].
However, practically the substitution of a-Si:H by pe-Si:H remains still a challenge from the
technological point of view and a lat of work has still to be done in this field in the future. Alsa,
the usc of microcrystalline material for TFT's active layers might induce a degradation of the
on/off current ratio as was reporied by Hsu et al. [Hsu 1994]. The low value of Roff might
moreover possibly restrict the applications of pe-8i:H TFT's to displays.

79



4.3 Conclusions

We mentioned here the realised applications in our laboratery of the developed pe-Si:H thin
films to several kinds of solar cells and to Jarge aren microelectronic devices.

The presented results have shown that compensated ("truly intrinsic” i.e. midgap material)
pe-Si:H has the potential to become a new photovoliaically active thin film material which merits
much broader investigations. The entirely pe-Si:H cell is the first thin film device, exclusively
bascd on silicon alone, that shows an enhanced sensitivity in the infrared above 800 nm. The
limits of the Vo, Jsc and FF of the completely pe-Si:H solar cell are still far from optimisation
and rest still open for improvement. The highest potential in further increasing the cell efficiency
is related to obtaining higher V¢ values.

The results show furthermore that the substitution of conventional a-Si:H or costly a-SiGe:H by
a pec-Si:H bottom cell within 2 multi-junction configumation opens new ways for inereasing the
efficiency of silicon thin film solar cells. The growth of entirely microcrystalline cells is revealed
to be fully compatible with the growth of amorphous silicon, when using the VHF-GD technique
at 70 MHz. The still far too low maximum deposition rate of approximately 1 Afs, obtained by our
VHE-GD technique at the plasma excitation frequency of 70 MHz is presently the main bottleneck
for the nse of microcrystalline silicon as a commercial photovoltaically activc solar cell material.

The potential applications of pge-Si:H thin films to other solar cell devices such as n-i-p's and
heterojunctions were furthermore also briefly pointed out.

Finally, the VHF-GD technique opens a wide range of potential applications for epto-electronic
and microelectronic applications for which low temperature growth of thin films (a-Si:H, pe-Si:H
and even epitaxial) is advantageous. In the field of large area microelectronics, polycrystalline
silicon and recently microcrystalline silicon with their high effective charge carrier mobility have
received considerable intercst for their use in flat-panel display devices in place of a-Si:H TFTs.
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5 GENERAL CONCLUSIONS TO THE PRESENTED
WORK

It was shown in a previous thesis work [Prasad 1991], that by using the VHF-GD technique at
the plasma excitation frequency of 70 MHz, good quality undoped and doped microcrystalline
silicon was obtained under very favourable conditioos of deposition, i.e. low substrate temperature
(150 - 200 °C}) and low input discharge power (25 - 75 mW/cmZ2). Even at low silane gas phase
concentrations (< 4 %), the deposition rates were shown to be higher by a factor of 3 to 5 than the
deposition rates reported for the standard plasma excitation frequency of 13.56 MHz. The RT dark
conductivities were also higher than those reported earlier for the doped specimens.

The still actuat world-wide quest for higher sunlight conversion efficiencies of a-Si:H based
photovoltaic solar cells leads us to optimise and develop in this thesis work microcrystailine
silicon thin films for multiple photoveltaic applications in solar cells. Microcrystalline silicon with
its weaker absorption (in the visible range) and higher conduction (than a-Si:H) is uvseful in this
approach [Luft 1993 and references therein]. It has been shown by other groups [e.g. Yang 1994)
that pc-5i:H window layers lead to very high open circuit voltages (> 1 V ) for a-Si:H based solar
cells and, thus, to increased cell efficiencies.

All films presented in this wark, belouging to a set of nearly 200 films from different series,
were deposited by the author alane. The system used for the deposition of the films (presented in
chapter 2) was already realised but had to be carefully characterised, for what concerns some
major physical parameters (e.g. effective plasma power, deposition temperature of the substrate,
effective gas fluxes, and so on). Qoly afier a good understanding of the deposition technique
together with the plasma and vacuum physics, the different film series could be depesited and
carefully compared. Once the films were developed and optimised for specific solar cell
applications (as for example photovoltaic active material, window layers, tunnel junctions, and
passivating films), incorporation into different solar cell devices was successively performed in
the same laboratory by co-workers.

A nominally undoped pc-Si:H deposition temperature series revealed the strong <n>-type
character of the films, supposed to be caused mainly by oxygen contamination. By increasing the
deposition temperature, a wide range of film properties were obtained, corresponding to films
ranging from almost a-8i:H to pc-8i:H having an estimated crystalline volume fraction higher than
95 %. A comparison of two deposition temperature series of nominally undoped pec-Si:H films
deposited by a standard 13.56 MHz UHV and our 70 MHz VHF HV PECVD technique revealed
certain essential differences in the film properties. The main advantages of the films deposited
under VHF conditions are the better adhesion of the growing films to the substrates and the higher
deposition rates of enhanced crystallite size material. Very generally, higher crystalline volume
fraction, denser and less defective pc-Si:H material is obtained, yiclding better optical and
electrical properties.

The plasma excitation frequency of 70 MHz as used in this work for the deposition of the films
is undcrstood to be responsible for the above mentioned results. A hydrogen rich plasma is
suspected to be produced from the high power transfer efficiency in the bulk of the plasma and the
high dissociation rate, as deduced from the high deposition rates. In combination with the Jow
sheath potentials and the low sheath thicknesses, a high flux of hydrogen, ions and radicals with
modcrale energies are produced at the growing film/plasma interface. This is thonght 1o establish
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the required equilibrium or growth conditions between deposition and etching, which results in the
formation of high-quality pc-SiH.

Compensation cxperiments by boron doping in the vppm range (so-called "microdoping™) were
undergonc to get ride of the usual <n>-type character of nominally undoped pc-SiH films for a
solar ccll application as photovoltaic active material. "Truly intrinsic” plc-Si:H with Fermi lcvel at
midgap was thus obtained, exhibiting a maximum in the photoconductive gain and dark
conductivity activation cnergy, a minimum in the dark conductivity and phatoconductivity and no
observable Staebler-Wronski effect under strong light-soaking experiments. No feasible
explanations were found, so far, for the observed degradation kinetics as & function of boron
microdoping. For what concems the transport properties, a theoretical explanation was tentatively
proposed, which is based on the well-known grain boundary trapping model [LeComber 1983,
originally developed for polycrystalline silicon [e.g. Seto 1975]. All pe-Si:H p-i-n solar cells,
incorporating the optimised compensated film as photovoltaic active material, showed by the way,
an enhanced stability to light-soaking experiments and an increased infrared absorption (above
800 nm) [Meier 1994]. Furthermore, these mentioned cell properties clearly call for the
incorporation of the all microcrystalline Si cell as a bottom cell in a tandem or even triple structure
4-Si:H based solar cell, since, the whole growth process of the all pe-Si:H p-i-n cell reveals to be
fully compatible with the standard amorphous p-i-n cell preparation [Meier 1995 and 1995a].

Boron doped jic-5i:H and pe-SiC:H thin and very thin films were deposited and optimised for
solar cell applications as window layers and tandem junctions; these applications request highly
conductive and highly transparent {ilms. The problem of the deposition of highly doped and
highly crystalline films was studied for the early growth step (initial growth regime). Detailed
structural analyses lead to the suggestion of a specific "inverted conical” growth mode! for the
initial growth regime of the films. A boron doping optimisation for very thin films (d < 350 A)
leads to <p>-type pc-Si:H window layers with excellent clectrical and optical properties. Like
boron atoens, carbon atoms in the plasma gas phase showed to sensitively hamper the growth of
crystallites, However, by carefully optimising the diborane and methane plasma gas phase ratios,
very thin <p> pc-SiC:H films could be deposited, that are revealed to be - according to a criteria
introduced by Luft and Tsuo [Luft 1993] - potentially better than standard a-SiC:H or even
pe-8iH films for window layers in solar cells. These films have so far made their first proof in
a-Si:H based n-i-p structure cells deposited on alurninium substrates: Vgc-values as high as
890 mV (without buffcr layer) were obtained and were reported to be even higher than those
obtained for cells with <p> a-SiC:H window layers [Goetz 1995). The optimised <p> pc-SicH
very thin films were applied with suceess in heterojunction solar cells based on c-Si wafers as
window and passivation layers [Keppner 1994 and Torres 1994]. Unfortunately, in the context of
our VHF-GD at the plasma excitation frequency of 70 MHz and the gases used in this work, there
is, so far, no evidence of crystalline phase SiC for our <p> pc-SiC:H films.

The influence of the substrate on the growth of very thin <p> pc-Si:H films was briefly
cvidenced: After three specifically developed surface treatment steps and under specific growth
conditions, the film growth on a c-S5i substrate was revealed to be epitaxial. This obvious ¢pitaxial
growth by using the VHF-GD at 70 MHz has strong conseguences for potential applications of
epitaxially grown Si films on heterojunction solar cells as window and passivation layers. Both the
pre-treatment procedure and the deposition itself are under way to be patented [Flilckiger 1994a).
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Regarding ahead to the deposited microcrystalline material leads ns to state that a lot is realised
from the technological point of view, while only few is, so far, really nnderstood from the point of
view of physics (e.g. transport theories, degradation kinetic models, and so on). Seeing that this
new type of material gently over-passes a-Si:H and some exatic type of alloy using Ge, As and C,
the anthor strongly recommends to really attribute more time for the understanding of the basic
phenomena and physics that govem pe-Si:H material. Moreover, our 70 MHz PECVD technique
has clearly pointed out some major advantages from the technological and film properties point of
views, by comparison with the standard 13.56 MHz plasma excitation frequency. An enhanced
plasma excitation frequency over 70 MHz [Finger 1994] already revealed some further
advantages; this is why one should, from now on, scan in detail the very high frequency range for
the quest of a more optimal plasma excitation frequency for the deposition of pe-Si:H.
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6 ANNEXES

6.1 Cleaning procedures

6.1.1 Glass substrates
The used glass was the "Dow Corning 7059".
6.1.1.1 Mannal cleaning

Solution: concentrated "Vizir" (commercial solution for the washing of clothes)

Brushing: each substrate using a standard soft paint brush and following only one direction
movement

Rinsing: each substrate individually with cold running water

Rinsing: the whole lot of substrates under deionised running water

6.1.1.2 Cleaning using nltrasonic baths

Bath 1; solution of 0.8 % "Deconex” in deionised water (80 ml of "Deconex” in 10 | of
deionised water)
temperature: 70 °C .
duration: 3 minutes with ultrasound
Bath 2. ordinary water
temperature: room temperature
duration: 10 minutes withowt ultrasound
Bath 3: deionised water shower
temperature: room lemperature
duration: | minute without ultrasound
Bath 4: solution of 0.8 % "Trulit S” in deionised water
femperature: 60 °C
duration: 3 minutes with ultrasound
Bath 5: deionised water shower
temperature: room temperature
duratton: 10 minutes without ultrasound

6.1.1.3 Drying

Take each substrate one by one, while leaving the others under a deionised water shower. Dry
them immediately with a nitrogen flow.
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6.1.2 Crystalline silicon substrates

The silicon substrates (<100> orientation) are already clean enongh when received from the
wafer manufacturer so they are simply rinsed with deionised water and then immediately dried
with a nitrogen flow before being loaded into the vacnum chamber.

6.1.3 Stainless steel parts: substrate holder with screws and rf electrode plate

- remove the silicon powder using paper tissues

- dip the pieces (until total etching of the deposit) in CP6 acid (CP6 = 1/2 HNO3 (65 %) +
1/4 HF (40 %) + 1/4 CH3COOH (98 %); should be stored in teflon bottles)

- rinse them with ordinary running water for 10 to 15 minutes

- rinse in deionised water

- heat the pieces in hot deionised water with ultrasound, while frequently renewing the water

- dry the pieces using a nitrogen flow.
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6.2 Characterisation techniques

We describe here the different methods used for the characterisation of the electrical, optical
and siructural properties of the studied films. Table 6.2.1 enumerates these techniques and the
information they provide.

Characterisation techniques Information

Stylns step profiling Film thickness

Electrical conductivily Conductivity (54, oi]] and Sphoto)
and dark conduetivity activation
energy

UVtvisible spectroscopy Transmission, reflection and optical
obsorption for the UV/visible range

Photothermal Deflection Spectroscopy (PDS) Subgap optical abserption

IR transmission spectroscopy Bond vibration absorption modes,
free carrier absorption

Secondary lon Mass Spectroscopy (SIMS) Dopants and contaminants
concentrations

Elastic Recoil Delection Analysis (ERDA) Hydrogen content profiles

Spectroscopic Ellipsometry (SE) Film constituents volume fractions,
thicknesses and surface ronghness

X-ray diffraction/reflection Average crystallite slze and grain
orientations, film constituents
volume fractions, thicknesses and
roughness

Raman spectroscopy Crystalline volume fraction, bond
angle disorder

Transmission Electron Microscopy (TEM) Details of structure: crystallites,
grain bonndaries and defects

Light-soaking Degradation kinetics of the electrical
properiies

Table 6.2.1: Enumeration list of all different techniques used for the characierisation of the

electrical, optical and structural properties of the films, with the related
information they provide.

6.2.1 Stylus step profiling

The precise evaluation of the film thickness is of great importance as it is further used for the
determination of other film propenties such as the conductiviry or the optical absorption. The film
thickness is accurately measured and averaged over aboul 20 measuremeats, using a stylus step
profilometer (Tencor Instruments: Alpha Step 200) over steps etched out for the films deposited
on glass, The steps are produced very close to the area used for other measurements, so that errors
due to film non-uniformity (1hickness variations) are minimised.
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To create the steps, first the cntire specimen cxcept the areas to be etched out are covered with
a protective commercial lacquer (Plastik 70). Once dried in ambicnt air, the sample is dipped in a
hot (50 - 80 °C) diluted KOH salution (10 M = 560 g/l). The KOH attacks and etches away the
exposed parts of the film. As the etch rate for the silicon film is much faster than for the glass or
for the protective lacquer, one obtains with care very neat steps. The lacquer is then removed and
the specimen cleaned by rinsing with acetone and dried using a nitrogen flow. The stylus step
profiling is then carried out across the steps. The precise film thickness is obtained by applying
standard levelling procedures. The obtained precision for the specifically choscn measurement
conditions is about 51020 A.

6.2.2 Electrical conductivity

The electrical conductivity is an important and useful physical parameter, measured to evaluate
and optimise our films. The measurement is performed in a dark vacuum chamber under a
nitrogen atmosphere of about 10 mbar, so as to ensure a good thermal contact between the sample
holder plate and the film.

Two, 1000 A thick, paralle]l aluminium electeode stripes (coplanar contact configuration) of
8 mm length and separated by a 1 mm gap arc thermally evaporated (Joule effect) on the film. The
specimen is then mounted on the temperature controlled sample holder and loaded into the
vacuum chamber. A fully computer controlled measurement cycle is initiated consisting of three
steps: 1) a rapid heating ramp to the selected backing temperature (usually between 150 and
200 °C, corresponding to the deposition temperature minus 20 °C), 2) a dwell of 1h30 at constant
tempemture and finally, 3) a constant rate cooling ramp of 0.8 °C/h down to room temperature.
The importance of the thermal cycle lies in having the specimen in a reproducible state (called
"annealed") before measuring the electrical properties.

The electrical measurements are performed continuously during the entire thermal cycle using a
Keithley Electrometcr 617. The electeical conductivity is calculated from the geometry of the
contacts, the film thickness and the measured resistance. The ohmic behaviour of the aluminium
contacts is previously verified and the dark conductivity and conductivity under illumination (at
60 or 100 mW/cm2) by a halogen lamp source are measured. -

The dark conductivity activation energy is finally cxtracted from the Arrhenius plot of the dark
conductivity (Gd plotted in a logarithmic scale as a function of 100M/T (in K-13). The slope of the
50 obtained curve yields the activation energy, assuming a simple thermally activated transport
maodcl. ’

6.2.3 UV/visible spectroscopy

Transmission (T) and reflection (R) measurements in the UV/visible range for wavelengths
rangig from 300 to 700 nm (4.13 10 1.77 eV) were carried out at room temperature for films
deposited on 7059 Dow Corning glass using a commercial computer controlled spectrophotometer
(model Lambda 17 from Perkin-Elmer). The film surface was positioned 1owards the light source
beam. The spectrometer uscs a double beam technique, one beam is taken as the reference while
the other beam traverses the specimen. The computer contrelicd detection is performed by a
photomultiplier. The reflection measurement mode uses an Ulbricht’s integration sphere.
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The cvaluation of the absorption coefficient a is performed from transmission and reflection
data by using the simplified expression T/(1-R) = exp (-ad) (where d is the film thickness), while
neglecting all mattiple reflections and taking into account only the dominant reflection at the
air-film interface {Summonte 1993). The absorption coefficient values are determined by taking
the algebraic average over the interference fringes of the resulting & vs A plot. Note that this
evaluation method should yicld interference frec absorption spectra if both transmission and
reflection measurements werce performed cxactly on the same place on the specimen (without
moving the specimen for both T and R evaluations); this was unfortunately not possible in our
casc for the used spectrometer set-up.

6.2.4 Photothermal Deflection Spectroscopy (PDS)

PDS is an optical method, sensitive to very low absorptions. used 10 measure the absorption
spectrum in the range of 600 to 1400 nm (2.07 (0 0.89 eV). The system set-up and measurement
technique are described in detail eisewhere [Curtins 1988] and therefore not treated again here.
The measurcment results provide the relative changes in the absorption coefficient as a function of
the wavelength of the incident beam. The data are then calibrated using the absorption coefficient
(absoluic value) obtained for a wavelength of 600 nm from the UV/visible spectroscopy data. The
error in the measorement of o, estimated from the signal to noise ratio, is less than 100 % at an
absorption of 1 em-} and is expected to be even smaller for higher values.

6.2.5 1R transmission spectroscopy

The infrared (IR} absorption gives information on the atom bonding vibration modes occurring
in the material via phonon excitation. The absorption signatures at the different energy positions
for amorphous and microcrystalline silicon materials are described in detail elsewhere
[Brodsky 1977, Demichelis 1993 and Curtins 1986). In the case of doped specimens, the
background transmission is reduced due to the ovcrall absorption increase originating from free
carriers {Finger 1993]. From IR spectra, relative quantification of hydrogen and oxygen
concentrations of the films were performed.

The infrared transmission measnrements are performed on films deposited on crystalline
substrates (<p>-type wafers), using o commercial Fourrier Transform - Infra Red (FT-IR)
spectrometer (model 1720 X from Perkin-Elmer). The specirometer scans over the wavelength
range of 400 to 7900 cm-! (0.05 1o 6.98 eV). Priar to measnrement, a standard background
correction is performed using a piece from the same c-3i wafer as used as substrate for deposition.

6.2.6 Secondary Ion Mass Spectroscopy (SIMS)

The concentrations of dopant (P and B) and contaminant (H, C, N and O} atoms in the films
deposited on glass have been evaluatcd by SIMS by the Evans Evropa Cascade Scientific Ltd.
(U. K.), specialists in materials characterisation. The method is based on the mass resolution
detection (counts as a function of time) of secondary ions extracted from the film surface by a
primer highly energetic (KeV range) ion beam (O™ for B and Cs* for H, C, N, O and P).
Calibration is performed using silicon implant standards. Final treated data yield concentration
depth profiles. The overall accuracy of the concentrations should be within 15 % and the highest
resolution limit of the system is about 1x1013 atiem3 (for B).
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6.2.7 Elastic Recoil Detection Analysis (ERDA)

ERDA is a well-adapted and non destructive method to determine the hydrogen concentration
profile of the films. ERDA consists in measuring, using a semiconductor detector (SiBS§), the
energy spectrum of the protons which have been elastically hit by incident alpha particles (from a
3 MeV Van de Graaff electrostatic accelerator) and recoil in a defined direction. The energy
spectrum is a function of the H-concentration profile which is ta be determined and of other
physical paramcters. The film H-concentration profile was obtained from the proton energy
spectrum by fitting a computed energy spectrum to the experimental one, The procedure was
checked by measuring the H-concentration profile of a hydrogen standard. A mare detailed
cxperimental set-np description is presented elsewhere [Tang 1990].

The measurements were perfarmed by Dr. O. Greim from the Institute of Physics, University of
Neuchftel (Switzerland).

6.2.8 Spectroscopic Ellipsometry (SE)

SE is a powerful and non destructive optical method used to determine the optical and
structural properties of the films deposited on glass substrates (in our case), such as film
thicknesses and volume fractioos of each of the film components (crystalline, amorphous and
void), by the fitting of the experimental data with a more or less simple physical medel.

The samples have been measured using a rotating-analyser spectroscopic ellipsometer
consisting of the following sequence of optical elements: 75 Watt xenon light source,
monochromator, shutter for background correction, callimator, fixed polariser, sample holder,
54 Hz rotating analyser, and photomultiplier detector. Elipsometric (¥, A) spectra from
1.5 10 5.0 eV are collected at a 70 © angle of incidence with background correction and data
reduction steps. The analysis of the (¥, A) specira, to determine the sample structure, was
performed using a multilayer optical analysis. Fitting the calculated and experimental spectra for
the propaosed structnre yields the structural parameters. The Bruggeman Effective Medinm
Approximation (EMA) is used to determine the effective dielectric function of any composite
films in the sample structure, Detailed set-up description and analyses are presented elsewhere
[Nguyen 1993].

All SE analyscs were performed by Dr. H.V. Nguyen and Prof. R.W. Collins from the
Materials Research Laboratory of Pennsylvania State University, University Park (USA).

6.2.9 X-ray diffraction/reflection

The X-ray diffraction/reflection technique is commeonly used to obtain structural ioformation of
the samples. The diffraction results contain siguatures (at the angular positions which sattsfy the
Bragg reflection conditions) for different crystallographic planes from which one can derive
information on prcferential crystallite orientations and the mean value of the grain size, whilc the
reflection results (fitting of the experimental data with the Fresnel equations) lead 1o structural
parameters such as film thickness, average Si density and root mean square surface/interface
roughness. For the reflection measurements, small variations of the source beam angle o were
made ncar the total reflection angle.
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X-my diffraction measuremcnts have been performed by Dr. J. Poh! at the Physics Institute of
Konstanz University (Germany) using a commercial Siemcns D5000 X-ray diffractometer
{Bragg-Brentano-Geometry), The used Cukpj radiation has a wavelength of 1.5406 A,
Specimens having an area of about | to 4 ¢em? are fixed on the sample holder and ratated by the
O angle during measurement. The diffracted rays are recorded for 20 angies ranging from
10to 100 °,

For the very thin films of thicknesses < 350 A, yielding the necessity of a higher sensitivity,
grazing angle X-ray measurements have been carried out by Dr. M. Brunel at the Crystallographic
Laboratory of the CNRS, Grenohle (France). The detector was scanned in the 28 range of
200 70°,

6.2.10 Raman spectroscopy

The Raman spectroscopy measurement is useful to determine the structural properties of the
material. The first order Transversal Optic (TO) phonon spectrum, resulting from the inelastic
scattering of the incident beam, is measured. The frequency shift of the scattered photons yiclds
information on the vibration energies and structure of the melecules. Raman spectrascopy is thus a
sensitive probe for changes in the local bonding environment. Due to very small frequency shifts
of the scattered radiation from the incident one, monochromatic incident light and a powerful
monochromator are requested.

Generally, a disordered random network of Si (i.e. a-Si:H) which lacks long-range order yields
a broad structure near 480 em-1 in the spectrum, whereas in contrast a crystalline Si structure is
represented by one sharp peak near 520 em-1 [Brodsky 1977). In the case of pc-5i:H, one obtains
a profile which can be deconvoluted into the two above mentioned components. The first
component is understood to result from the disordered regions of grain boundary like zones and
the second oné from the crystallites.

The measvrements of films deposited onto glass have been perfermed by Dr. R. Carius,
Dr. P. Hapke and Dr. M. Tzolov from the Rescarch Center Jiilich (Germany). They have been
carried out at room {emperature in a backscatiering geomelry, and in the case of very thin films of
thicknesses < 350 A, the spectra have been corrected for the baseline and substrate. A 25 to
100 mW incident beam, having different discrete wavelengths of 4579, 4960 and 5140 A, has
been used from an Ar-laser source 1o illuminate the samples. The scattered lines are recorded in
the range of 360 to 1060 cm-1 with respect 1o the incident radiation, using & scanning photon
counting system (liquid nitrogen cooled CCD camera: Photometrix 9000) attached to a double
monochromator (Spex 1404 spectrometer). The system resolution is 0.2 em-1,

6.2.11 Transmission Electron Microscopy (TEM)

TEM is a complementary and quite necessary technique to fully characterise the structure of the
deposited films. High Resolution Electron Micrographs (HREM) obtained from TEM enable one
1o reach details of the film structure such as the crystalline {effective grain size and volume
fraction) and amorphous zones, crystallographic defects and grain boundaries. Structural details
are also obtained from the film-substrate interface for cross-sectional views.



The selecied area Electron Diffraction (ED) patiems obtained at the focal plane of the
microscope provide further information on the film structure. An amorphous phase resnlts in a
diffraction pattern with broad diffused halos, while sharp rings with distinct dots are observed in
the casc of randomly oriented polycrystalline material. Finally, a patiem exhibiting a periodic
structure of bright diffraction spots is characteristic for a large crystalline area of crystallographic
orientations parallel to the electron bearn.

Planar views have been obtained for films deposited on thin copper grids or NaCl snbstrates,
while cross-sectional views resulted from films deposited onto c-Si substrates after a fastidions
sample preparation by cleavage. The measurements have been performed by Dr. M. Morris from
the Institnte of Structural Metallurgy of the University of Nenchétel (Switzerland), Dr. A. Catana
from EPF Lausanne (Switzerland), Dr. M. Luysberg from the Research Center Jiilich (Germany),
and Dr. V. Shklover from the Laboratory for Crystallography ETH Ziirich (Switzerland}.

6.2.12 Light-soaking

The light-induced degradation experiment was uandergone by the long-term exposurc of the
films to a 400 W intensive high-pressure sodium vapour lamp (A = 590 am). The advantage of a
high pressure lamp by comparison to a low pressure larap is to widen the Na emission line. The
half-width of the yellow emission line is around 80 nm, what should favour the uniformity of the
light absorption throughout the entire film thickness. With the absorption coefficient of abont
12104 cm-1 for our pc-SizH material at the wavelength of this light source of 590 nm, we obtain a
relatively uniform illnmination throughont the entire film (transmission = 70 % for a film
thickness d of about 0.4 pm). The light intensity measured at the sample during light-soakin
experiment and controlled by a photodiode in paralle! was around 500 mW/cm
(- 1.5x1018 phcatons;'cm2 s) and the temperamre {measured by an IR thermomcter) kept at 40 °C
by controlled air-cooling. The film electrical conductivity nnder illumination Gj]] was
continuonsly monitored during the cntire degradation time.
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