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Qur science is an abstract cold and brief
Thar cuis in formulas the living whole.
It has a brain and head bug not a soul:

It sees all things in ourward carved relief.
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In g yet deeper invisible, unshown.

The objects that you probe are not their form.
Each is a mass of forces thrown in skape.
The forces caught, their inner lines escope
In a fathamless consciousness beyond mind's norm.

Probe it and you shall meet a BEING still
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MICROCRYSTALLINE SILICON (pc-Si:H) PREPARED
WITH VERY HIGH FREQUENCY GLOW DISCHARGE
(VHF-GD) PROCESS

SUMMARY

The very high frequency glow discharge (YHF-GD) technique using a discharge frequency
of 70 MHz has been explored for the preparation of microcrystalline silicon (jec-Si:H).
Investigation of the influence of silane concentration in hydrogen and the discharge power
level have been extensively carried out for the formation of undoped and doped plc-Si:H films,
Detailed study of the influence of phosphorus and boren doping is also performed. The
electrical, optical and swuctural properties of these specimens are correlated with the deposition
parameters in order to identify the aptimal preparation conditions.

As compared to other preparation techniques, using VHF-GD good quality pe-Si:H is
obtained at very low power levels (23 mW/cm? for the undoped and n-type material and 75
mW/em? for the p-type material) at substrate temperatures well below 200 °C. Conductivities
of 130 S/cm and 30 S/cm have been achieved in n- and p-type pe-Si:H, respectively. High
resolution TEM micrographs and Raman scattering results indicate that structurally these
specimen resemble closely poly-silicon (poly-Si). The latter are nsuzily prepared by low
pressure chemical vapour deposition (LPCVD) technique at temperatures above 550 °C and
contain negligible amonnt of amorphons tissue. Conductivities of ultra thin films having
thicknesses ranging between 100 and 500 A are also high as compared to those reported
carlier. With these promising results pc-Si:H could become an interesting candidate for
device applications.
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| INTRODUCTION

The past decade has seen a rapid development of hydrogenated amorphous and microcrystalline
silicon (2-5i:H and pc-Si:H) as new thin film semicondnctors, Since the discovery of
successful doping of a-Si:H [Spear, 1975] at low temperatures (200-350 °C) using the
plasma enhanced chemical vapour deposition (PE-CVD) this material has attracted attentton as
candidate for low cost solar cell fabrication [Carlson, 1977]. For the growing interest in
pe-Si:H two main factors can be mentioned: 1) the possibility to produce pe-Si:H simply by
modifying some of the deposition parameters used for the preparation of a-Si:H is atiractive
from the application point of view , and 2) as its structure lies between purely amorphous
and polycrystalline phases, the material is interesting from the physicist’s point of view. Hand
in hand, a-8i:H and pc-5i:H are fast growing as potential new materials for opto-electronic
devices such as solar cells, flat panel displays and large area microelectronics
{macroelectronics) [Kanicki, 1991]. The high conductivities reached in pe-Si:H material have
totivated many research groups to substitute it for the doped amorphous layers, in p-i-n solar
cells, which has conductivities lower by 3 to 4 orders of magnitude [Willeke, 1991]. Some
improvements in solar celi efficiency has been reported as early as 1981 [Uchida, 1981].

Uc-Si:H was first prepared by chemical vapour transport in 1968 (Veprek, 1968) at substrate
temperatures of 600°C. In 1979 Usui and Kikuchi reported on pc-Si:H prepared by inductive
glow-discharge (PE-CVD) of silane using high input power levels of 100 W [Usui, 1979].
Since then, many research groups have carried out extensive investigation on the preparation
and characterization of this material [Matsuda, 1987 and references thereinj. Three important
conditions are said to be necessary for the formation of microcrystalline silicon (uc-5i:H)
using the glow discharge process. These are (1) high dilution of silane in hydrogen, (2) high
discharge power and (3) a high substrate temperature. The first two 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 conditions a
balance is reached between the deposition of silicon atoms and radicals and erosion of weak
and disordered bonds, promotiag microcrystalline growth. The atomic hydrogen is
understood to play a predominant role in the preferential elimination of the weak and
disordered bonds by a chemical etching mechanism [Tsai, 1988] opening the way for
tetrahedral configuration. Along with the first two, the high substrate temperature provides the
necessary energy, to enhance surface mobility of the oncoming reactive species and for the
desarption of surplus hydrogen {Matsuda, 1989]. Atomic hydrogen is also claimed to perform
‘themical annealing' i.e. interact with the weak silicon bonds and dangling bonds under the
growth zone to induce energetic relaxation and restructure the silicon network  [Shimizu,
1989; Street, 1991].



The structure of pe-Si:H is understood to be composed of small crystallites embedded in an
amorphous mawix. Itis characterised by the average crysiallite size d and the relative amount
of crystalline phase X contained in the volumne of the film. These are a function of varjous
parameters such as the deposition parameters mentioned earlier, the substrate bias, etc [Veprek,
1981; Matsuda, 1983; Nakatani, 1983), The average crystallite size 4 is determined from X-
ray or electron diffraction measurements and lies between 30 and 350 A. Xcis evaluated
from Raman scattering studies, and has values between a few percent to aimost 100 % in the
volume. The remaining fraction of the volume is occnpied by amorphons tissues ar grain
boundaries depending on whether X, is low or kigh, respectively. These amarphous zones or
grain beundaries are defect rich regions which introduce high density of states which wrap
charge carriers; although the hydrogen contained within the pc-5i:H (5 to 15 atomic%)
passivates some of these defects. The high conductivity reached in this material s attributed 10
the four fold doping within the crystallites as found in ¢c-Si and the high free carrier
concentration in the conduction or valence bands, as campared to in a-Si:H [l.e Comber,
1983; Willeke, 1991]. Besides, the long range order (100 to 250 A) inthe crystallites also
improves the mobility of these carriers as compared to in a-5i:H. In poor plc-Si:H,i.e. having
a crystallite volume fracdon X below the percolation threshold value of about 20 %, the
transport is dominated by the amorphous phase [Komuro, 1984].

The techniques used for the preparation of both 4-5i:H and pec-Si:H are based on technalogies
using the standard indnstrial frequencies - namely DC, 13.56 MHz [Masuda, 1987] and
2.54 GHz (microwave) [Hattord, 19871, except for limited number of labaratorics which are
working at other frequencies like 27.12 MHz [Kausche, 1989], 40.68 MHz [Spear, 1981],
110 MHz {Chatham, 1989], and 140 MHz [Oda, 1988).

In our labaratory the very high frequency (VHF) of 70 MHz has been established as the
standard frequency for our work. This frequency was found to be the optimum frequency
from aur investigation on the influence af discharge frequency on the depasition rate and film
properties of a-Si:H, carried out in the range of 25 to 150 MHz [Curtins, 1987]. In view of
developing solar cells based on both a-5i:H and pc-Si:H prepared at this same frequency we
have carried out extensive research an the preparation and optimisation of pc-$i:H using the
70 MHz as the discharge frequency. The influence of different deposition parameters, namely
the hydrogen dilntion, discharge power and doping concentrations, on the optical, electrical
and structural properties of these pc-5i:H films have been investigated in detail. This 18 the
snbject of the wark presented here. Influcnce of substrate temperature is reported elsewhere
[Prasad, 1991a & b]. :



Note that due to the lack of any data on material prepared at this same frequency elsewhere, all
comparisons and references mentioned in this thesis are pertaining to the results obtained at
the frequencies mentioned above and reparted elsewhere by others.

The layout of the present thesis is as fellows: Chapter 2 describes the VHF-GD deposition
system and the depositon process used for the preparation of our specimens. Chapter 3
gives details on the various techniques used for the electrical, optical and structural
characterization of our specimens. Some details on the kind of infermation expected from these
techniques and its interpretation are also given. Chapter 4 treats the results concerning the
influence of the hydrogen dilution of silane and the discharge power on the formation of
undoped, phosphorus and boron doped pe-Si:H. The electrical, optical and structural
properties of the pe-Si;H films are discussed as a function of these two variables. The
influence of phospherus and boron doping, on the film properties, at high doping levels is
presented in chapter 5. These studies have been performed for films having a thickness of
about 5000 A. For device applications one requires films having thicknesses in the range of
100 to 500 A. Chapter 6 presents our study on the infiuence of film thickness for hoth
phosphorus and boron doped pc-Si:H. Finally chapter 7 summarises some important
conclusions and suggestions for possible future work.

Parts of the results contained in the present thesis have been reported earlier in the following
publications, Details of the influence of the subsrate teraperature is also reported there:

K. Prasad, F. Finger, H. Curtins, A. Shah, J. Bauman "'Preparation and Characterization of
Highly Conductive (100 §/cm) Phosphorus Doped  pc-SitH Films deposited nsing the VHE-
GD Technique”, Proceedings of the MRS Symp. Vol. 164, 27-32 (1989)

K. Prasad, U. Kroll, F. Finger, A, Shah, J-L. Dorier, A. Howling, J. R, Baumann, M.
Schubert. "Highly conductive pe-SiH layers for tunnel junctions in stacked silicon based
solar cells”, MRS Symp. Proc. 219, 469 (1991)

F.Finger, K. Prasad, A. Shah, X. M. Tang, J, Weber, W. Beyer, "Influence of Doping on the
Structural Properties of Microcrystalline Silicon Prepared with the VHF-GD Technigue at Low
Deposition Temperatures”, MRS Symp. Proc. 219, 383 (1991)

K. Prasad, F. Finger, A, Shah, M. Schubert, "Deposition of Doped Microcrystalline Silicon
Below 70°C at 70 MHz", Proc. of ICAS-14, Garmisch-Partenkirchen, August 1991,
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2. VERY HIGH FREQUENCY GLOW-DISCHARGE (VHF-GD}
DEPOSITION PROCESS

2.1 Introduction

The past decade has seen an important growth of amorphous silicon technology. Numerons
techniques have been developed and perfected for the deposition of hydrogenated amorphous
silicon (a-Si;H) thin films. Most of these techniques are also used to deposit microcrystalline
silicon (uc-8i:H) thin films simply by tuning a few of the deposition parameters. Amongst
these technigues, the plasma enhanced chemical vapour deposition (PE-CVD) is the most
popular and commonly used. Often referred to as the glow discharge (GD) it uses a DC ot
AC electrical energy source for the dissociation of the source gases. The DC and 13.56 MHz
sources g&nd their accessories are easily available off the shelf as these frequencies are
anthorised industrial frequencies and are widely nsed for industrial applications. Very liule
work at higher frequencics has been reported upto now, In the interest to investigate the
influence of discharge frequency on the deposition rate and material quality of a-8i:H, our
gronp explored the frequencies in the range 25 to 150 MHz. This was done using a
conventional capacitively coupled diode reactor and an adapted matching network
[Curting,1987a & b].
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Figure 2.1 Depaosition rate of a-8i:H as a function of plasma excitation frequency [H. Curtins,
1987]. The deposition parameters are: substrate temperature T;=220°C, discharge power
P=150 mW/cm?, tota! gas pressure p=0.28 mbar and silane flaw Hgigs=20 scem,



It was found that, for our reactor geometry and the selecied set of process parameters, the
deposition rate increases with increasing frequency up to an optimum frequency of 70 MHz
(figure 2.1). Opto-clectronic properties such as the dark conductivity, photoconductivity,
optical gap and the density of defects in the gap as detcrmined by photothermal deflection
spectroscopy (PDS) were comparable with those of a-Si:H prepared at 13.56 MHz [Curtins,
1987¢]. This increase in the deposition rate with frequency has been explained by a higher
power transfer efficiency into the plasma and a higher decomposition of silane at higher
frequencies [Howling, 1991).  The higher decompesition of silane may also be influenced by
changes in the electron energy distribution function (EEDF) which would be influenced by the
higher excitadon frequency. Beyond the optimum frequency the deposition rate is observed to
decrease. Possible reasons for this decrease can be parasitic capacitive losses or internal
resonant behaviours dus to the reactor configuration, The high deposition rate obiained at 70
MHz can be of advantage to reduce production cost of a-Si:H based solar cells by achievinga
higher throughput. In view of investigating such a possibility, this frequency has been used
as the standard source frequency for our Very High Frequency Glow Discharge (VHF-GD) in
our laboratory for both a-Si:H and pc-8i:H depositions [Prasad, 1989, Fischer, 1991]. The
tendency of the high deposition rate was also observed in the study of pe-S8i:H as well and
shall be discussed in the present work.

2,2 Deposition System

Figure 2.2 itlustrates the deposition set up. It consists of a cubic stainless steel reactor (A)
containing two stainless steel electrodes (B and C). The reactor has a total volume of 15 L.
Both electrodes are 13 em in diameter and are separated by 15 mm. The lower electrode (C)
is coupled to the high frequency source (F) and an amplifier (G) by means of a power meter
(H) and an intermediate impedance matching L-C network (I). The upper grounded electrode
(B), which can be heated using a coaxial heating coil integrated into it, is used to fix the
substrate (D) on which the film is deposited. The assembly (J and K) consisting of
pressurised gas bottles, pressure reducers, mass flow controllers and control electronics
enables to introduce the source gases in a well controlled manner into the reactor (A). The
Butterfly valve (N) in conjunction with the capacitive manometer (1.) and the required
electronic control regulate the total gas pressure within the reacior during the deposition
process. The gases are constantly pumped out using 2 pumping stand comprising of a roots
blower (P) and primary pump (Q1). They are then totally consumed at the outlet of the
pumps in a burner (R) held above 700 °C before lewing them out in the air. A higher
throughput is obtained using a roots blower and it prevents the oil vapodrs from the primary
pump diffusing back into the reactor and contaminating the process.



Exhaust

Figure 2.2 VHF-GD deposition system comprising of stainless steel reactor(A), grounded
electrode and susbstrate holder (B), cathode (C) , substrate (D), plasima zone (E), high
frequency generator (F), wide band amplifier (), power meter (H), matching network (1),
assembly of gas supplies (J) and mass flow meters (K), capacitive manometer (L), outlet
valves (M1 and M2), butterfly valve (N}, roots blower (P), two stage primary pumps (Q1 and
Q2), silane bumer (R} and turbomolecular pump (T). The electronic controls are not shown.

Pricr to a deposition, the chamber is pumped out to reach a maximum vacuum possible with
the help of the turbomolecular pump (T) backed by another primary pump (Q2). To enhance
the elimination of impurities, especially water vapours, the walls of the reactor are baked
constantly at about 80 °C. Due to the non-bakable nature of the viton o-rings it is not
possible, nnder the present system configuration, to reach higher temperatures which would
be, in fact, more beneficial. A basc pressure of 2x10°8 mbars is reached under these
conditions after an overnight pumping. The outgassing from the wall then is typically about
1.5x10-3 mbarl/s. As 1 mbarl/s equals a flow of 60 scem, this corresponds to a flow of 9x10-4
scem of mixed gases coming from the chamber walls. For a typical total flow of about 100
sccm used during the process, this corresponds o a contaminacion by a factor of 9.0 ppm.
This is an impottant contamination in the case of intrinsic fitm deposition but can be neglected
for the doped films sinice we are wmostly using impurity doping concedtrations greater than
1000 ppm.

For the doping purpose, phosphine (PHz) and diborane (B2Hg) gases  diluted to 500 or 1000
ppm in hydrogen are used. The doping ratic is determined as the flow ratio of the dopant gas



to that of silane. Using the present concentration of doping gases and the range of flow meters
{0-100 sccm) it was only possible to span doping ratios between 100 and 50000 ppm (104
and 5 %). To span lower doping levels the best way would be to connect a mixing bottle
between the gas supplies and the deposition chamber. This would allow one to prepare a
desired dopant concentration directly in the bottle prior to depesition. Such a system has not
beent used for our work.

The outgassing was caleulated frora the rise in the sysiem pressure, with all its valves closed,
for a given time interval. Both, long and short time intervals were used to assure that there
was no leakage in the system.

2.3 Temperature Calibration
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Figure 2.3 Calibration curve for substrate temperature at different gas pressures.

The substraie tempcrature during the deposition is controlled using a coaxial heating coil and a
PT 100 sensor incorporaied in the grounded electrode ((B) in figure 2.2 ). Due 1o the poor
thermal conductivity between the substrate and the heating block, the thermal inertia of the
glectrode base plate, and the losses by radiation and convection, the effective temperature at the
substrate needs 10 be calibrated for varions temperature set points under different deposition
conditions. This was performed using another PT 100 fixed on the substrate during wial runs
in the absence of any plasma. Figure 2.3 illnstrates the results which were used to determine
the precise snbstrate temperature during the deposition. The effective substrate temperature is
lowest under vacuum. As the gas pressure increases the difference berween the effective
substrate temperature and the elecrode temperature decreases. This is due to heating of the
substrate surface by the surrounding gas which absorbs heat from the hot surfaces of the



electrode and releases it at the cooler substrate surface. In comparison, estimates of
temperature measurements at the substrare before and afier a plasma indicated an increase of
temperature of about 20 °C with a hydrogen discharge at 20 W (150 mW/em?}. Such a high
power was nsed only for the preparation of p-type specimens. In this case, the plasma will
increase the effective substrare temperature by about 20 °C, reducing thereby the offset between
the effective substrate temperature and the set point.  As undoped and n-type specimens were
deposited using a lower discharge power of 23 mW/cmZ, the modifications of the spbstrate
temperature from the plasma and the ion bombardment at the substrate can be considered to
be negligible. Doe to the system limitations it was not possible to raise the substrate
temperature beyond 300 °C.

2.4  Substrates

8.3 x 8.3 cm? alkali free glass substrates (7059) from Dow-Coming are used as subsirates for
most of the clectrical, optical and structural studies. A small piece of resistive (1 Q)/cm)
crystalline silicon with <100> orientation is also used for infrared transmission studies. The
latter is fixed on the glass substrate with the help of silver paste. All substrates are cut,
cleaned and dried vsing our standard processes ( Annexe A & B).

2.5 Deposition Parameters -

Table 2.1. Deposition parameters and their ranges:

Parameter Scanmnge  {units)
Substrate temperature 150-200 °C
Input discharge power 3-50 W
(Input power density) 20-375  mWiem?
Working pressure 0.4 or 0.8 mbars
Silane concentration in hydrogen 1-10 %
Doping pas/silane 001-5 %
Electrode spacing (with substrate) 15 mm
Electrode area 133 cm?
Discharge frequency 70 MHz

The experimental parameters required for the deposition of highly conductive pc-8izH films
using 13.56 MHz have been defined as low concentration of silane in hydrogen (1-10 %), a
high discharge power (>150 mW/cm?2) and a high substrate temperature (>200 °C) [A.
Matsuda, 1987 and references therein). Best conductivity results for doped films have been



reported for gas phase doping levels around 1%. In contrast, pure silane and low discharge
powers are recommended to produce quality a-Si:H films. For our investigations and
optimisation of thin films, deposited using 70 MHZ-GD, we have scanned the deposition
parameters over a wide range. Table 2.1 gives an overview. More details related o individual
parametric stxdy are provided in the corresponding sections.

2.6 Deposition Process

A typical deposition cycle consists of the following steps: First, the substrates are loaded
onto the grounded clectrode using a  stainless steel holder,  The chamber is then closed and
pumped down overnight, or at least for four hours, during which the chamber walls are
heated to the maximum of 80 °C. Before beginning the deposition run the base pressure and
outgassing rates are recorded. This allows a quick check of the system and detection of
leakage if any is present. Then a 150 mW/cm? argon plasma at 0.4 mbar is performed for five
minutes, in the aim of cleaning the cold substraic surface. Following this, the substrate
electrode is heated up to the deposition temperature under a constant hydrogen flow of 100
scem at 1 mbar for 30 to 45 minutes. Such a flushing allows further cleaning of the chamber
walls and ¢lectrodes while stabilising the 1emperature conditions for the deposition. Next,
another 150 mW/cm? plasma for five minues, with hydrogen this time, is produced. This
allows a final surface cleaning of the substraie before the deposition of the film. We are of the
opinion that it also produces a hydrogen coverage at the surface of the substrate which
possibly plays a role in the initial nucleation process and adhesion of the film 1o the substrate.
Then the gas flows and the operating pressure are set and let to stabilise for a couple of
minutes, the deposition plasma is ignited and the input power is carefully adjusted using the
matching network 30 as 1o have a minimum powcer loss by reflection, The deposition time is
estimated $o as to obtain the required film 1hickness, which in most cases was selected as
5000 A. After the estimated time, the plasma and substrate heating is switched off. The gas
flow rates are then systemnatically calibrated by measuring the rise in chamber pressure over a
measured ome and used to readjust the set points on the flow meters. This also allows a more
precise determination of the silane concentration and the doping ratios which are quite critical
in our work. The gas flows are then switched off and the chamber is pumped down using
the turbomelecular pump. The substrate is allowed to cool down to around room temperature
before unloading. Upon unloading the substrate holder and the plate situated ovcer the cathode
are cleaned chemically before reloading (Annexe C).

The plasma ignition itself is performed manually, in each case, by first raising the discharge
power to just a few Watts but less than the operating level, and then introducing an electric

spark through an electrical feed through of the chamber with the help of a conventional gas
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flame igniter based on piezoelectric quartz. This is a very simple and efficient technique which
allows plasma ignition at very low power levels. This is of importance since it eliminates the
undesirable transients cansed otherwise during the switching on of plasmas by raising the
power much beyond the operational value. Such transients can result in undefined interface
layers deposited between the subsirate and the required film.
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3. CHARACTERIZATION TECHNIQUES

This chapier describes the different methods which have been used for the characterization of
electrical, optical and structural properties of our films. In addition methods used 1o diagnose
the electrical properties of the plasma and the kinetics of deposition are also included in brief.
Table 3,1 enumerates these techniques and the information they provide.

Table 3.1 List of characterization techniques used in this werk:

Characterization Technique Information
Stylus step profiling Film thickness
Electrical conductivity Conductivity and activation energy

Ultra Violet-Visible transmission ~ Optical absorption (o= 108 to 103 cme1)

PDS Subgap optical absorption (a=10* to [ cm-1)
IR transmission Hydrogen bonding
Raman Scattering Crystalline volume fraction, bond angle disarder
X-ray Diffraction Average crystallite grain size and orientation
TEM Details of crystallites and grain boundaries
SIMS Dopant concentrations
OES Intensities of SiH and atomic H radicals

in the plasma
Electrical measurements
on the reactor clectrodes Electrode, sheath and plasma voltages

3.1 Stylus Step Profiling

The evalnation of the film thickness with precision is of importance as it is used for
determining most of the other film properties. The thickness is measured using a stylus
profiling over a step etched out on the glass substrate (Tencor: Alpha Step 200). The step is
produced very close to the area used for other measuremenis so that errors due to the film
non-uniformity are minimised.

To create the step, first the entire specimen except the area to be eiched ont is covered with a
protective lacquer (PLASTIK 70). Once it is dried in ambient air, the sample is dipped in hot
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diluted KOH solution which is at 60 to 70 °C. The KOH attacks and etches out the exposed
part of the film. As the etch rate for the siticon film is much faster than for the glass or the
protective lacquer, one obtains with care a very neat step. The lacquer is then removed and the
specimen cleaned by rinsing with Acetone and Isopropyl Alcohol (TIPA). The stylus profiling
is carried out across the step over a range of 2 mm. The precise film thickness is obtained by
applying standard leveling procedures.

3.2 Electrical Conductivity

e ———

nt<NDxa

Fig. 3.1 Supgested energy band profile through crystallites in pc-Si [Le Comber, 1983},

The electrical conductivity is an important and useful parameter which is measured to ¢valuate
and optimise our films. Electronic transport in pc-3i:H has been successfully interpreted
using the well established mods] for polycrystalling silicon (pe-5i) [Seto, 1975), although the
size of the crystallite grains is larger than 400 A in pc-Si as compared to less than 300 A in
pc-Si:H [Le Comber, 1983). Figure 3.1 illustrates the energy band model across the
crystallite of size 9, for n-type specimen, bordered by the influence of the grain boundary
containing states in the gap. Amongst these states, a certain amount ny per unit area is filled by
some of the free electrons supplied by the active dopant concentration causing a depletion of
charges near the grain boundary. This results in a potential barrier having a height Ep. Ep
represents the activation energy of the carrier mobility as it is the potential which the free
carriers need to overcome while crossing over from one crystallite to another. Note that for
dopant concentrations greater than 1017 cm-3 the space charge region is localised to a few
atomic spacing since ni<<Npxd. Np defines the bulk doping concentration in the crystallites.
The activation energy E, of the conductivity also equals Ep under this condition [Le Comber,
1983). In our case the above condition is satisfied even in undoped specimens which have
impurity concentrations in the range of 5-8x1017 cm3 as measured by $IMS. This is
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attributed 1o stray doping coming from the walls of the reactor. In doped specimens the
dopant concentration is still higher.

For the above maodel the dark conductivity ¢ is expressed as:

O =Goexp(-EpkT)  [Sicm) (3.1)
where Gy is the conductivity prefactor, E;the activation energy, k the Boltzmann constant
and T is the temperamire given in Kelvin. This equation is also used o determine the
activation ¢nergy E, which is related to the potential barrier Ej, seen by the carriers at the grain

boundaries [G. Willeke, 1991].

The measnrement is performed using a coplanar configuration in vacuum under darkness,

'

*‘S‘J‘-

W
o
depOsi:ed film

7059 Dow Corning
glass snbstrate

Fig. 3.2 Electrode contact geometry used for conductivity measurements.

Two parallel aluminium electrodes, as described in figure 3.2, having a thickness of 100 nm
are evaporated on the film. The specimen is then mounted on the temperature controlled
sample holder and loaded into the measurement chamber. The chamber is pumped down
nsing a turbomolecular pump backed by a primary pump. When the pressure falls beiow 10-3
mbar the following thermal cycle is initiated on the sample: First the sample is heated rapidly
rp to the temperature used during the deposition, which is 150 °C in most cases. It is then
maintained at this temperature for 90 minutes and then cooled down slowly to room
temperature at a rate of 0.8 °C/min. The importance of the thermal cycle lies in having the
specimen in a reproducible state before measuring the dark conductivity.

In most cases the electrical measuremenss are performed continuously during the entire thermal
cycle using the Keithley Electrometer 617. The voltage drop across the two electrodes is

measured by introducing a known current in the constant current mode. The current level is

15



automatically selected by the electromeier based on the resistance of the film so as to generate
a maximum voltage drop less than 2 V across the two electrodes. The Ohimic behaviour of the
aluminium contacts was verified in the range of 0.2 to 2 V, for both low and high conductive
films. :

The resistance R [£2] obtained in this manner is then converted to the dark conductivity o by
the relation:
ag=s5/Rdw [S/cm] 3.2

where: s is the electrode spacing, w the width of the electrode and d the film thickness. w and
d are expressed in cm.
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Figure 3.3. Conductivity as a function of inverse temperature.

The clectrical measurements are plotted as conductivity vs 1/T (o4 vs 1000/T), where the
temperature T is expressed in Kelvin. Figure 3.3 illustrates a typical measurement. The
variation of conductivity with temperature, during the coeling cycle, is well fitted for our
temperature range using the standard transport equation 3.1 and is used to determine the
activation energy E,. The room temperature conductivity is indicated by the value at 1000/T =
3.35. The small increase in conductivity at room temperature after the annealing cycle is
suspected to result from effusion of hydrogen, occuring at the annealing temperature of 150°C,
which results in the depassivation of previously passivated dopants [Finger, 1991).

In some cases the conductivity is measured in air at the end of the thermal cycle when the
sample is back to room temperature.  No difference 1s observed in the conductivity of the
heavily doped n and p-type films when measured in air or in vacuum. The undoped

spccimens were always measured in vacuum.
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3.3 Optical Absorption

The optical absorption behaviour in the range of 400 to 1400 nm (3 to Q.8 eV) provides
information on the elecronic transitions occuring between energy bands. Figure 3.4
illustrates a typical spectrum of an undoped pe-Si:H film. Absorption characteristics of a
typical undoped a-$i, a-5i:H and c-5i are also given for comparison {Godet, 1987]. Data
reported for undoped and phosphorus doped polysilicon [Lubberts, 1981] are also illustrated.
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Fig. 3.4 Absorption behaviour of undoped c-3i, a-5i, a-Si:H, pc-5i:H [Godet, 1987]
and LPCVD deposited doped and undoped poly-Si [Lubberts, 1981).

As a reminder, in ¢-Si the direct trangitions from the valence band to the conduction band
occurs for photon energies greater than 3.2 ¢V and results in a high absorption coefficient. At
lower energies the absorption is reduced due to the indirect transitions and the phonon
conservation. It then drops to zero at 1.12 eV marking the energy of the band gap. Asthe
density of states (DOS) in the band gap is insignificantly low, no fransitions occur for lower
energies and the optical absorption remains zero.

The energy band diagram is very different in a-Si:H. The important consequence of the
disordered network is that there is a guasi continuum of DOS over a wide energy range,
although hydrogen saturates many of the silicon dangling bonds. Therefore, one cannot strictly
speak of a gap as in the case of ¢-5i. A common practice is to associate energy levels based
on the values of mobility, corresponding to the bottom of the conduction band Ec and the top
of the valence band Ey. For states situated at energy levels above E¢ and below Ey one refers
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to as extended states since there the electron or hole states are delocalized, whereas states
sitvated below Eg or above Ey are localized. For the facility of communication, one often refers
to the energy band between Eg and E, levels as the 'mobility gap’. The absence of the long
range order also relaxes the phonon Conservation rule and one obtaing pon-direct transitions
between the two bands [Cody, 1988]. Between E¢ and E, the DOS extends as decreasing
tails deep within the 'mobility gap'. These tail states are produced by the weak and deformed
silicon bonds of the network, Finally, in the centre of the ‘mobility gap' there exists a high
DOS resulting from the unsatorated silicon dangling bonds. All these states participate in
electronic transitions and are reflected in the absorption behaviour.

So, one obtains a very high absorption (>10% em-1) for photon energies greater than 2.3 ¢V
due to the non-direct transitions. Below this energy level the optical absorption falls off
exponentially characteristic of the exponentizl decrease of the DOS in the band tails. The
Urbach energy Eg determined from the slope is nsed as a parameter to characterize the width of
the valence bandtail of a-Si:H. A smaller Egsignifies a narrow band tail indicarive of a better
material. Finally for photon energies less than 1.5 eV the absorption decreases slowly bur still
retains a finite valne due to the ransitions occuring between the bands or band tails and the
density of states (DOS) in the centre of the gap. The film quality can be evaluated by
determining the absorption coefficient & 2 at 1.2 ¢V which can be then correlated (o the
defect density [N. Wyrsch, 1991]. A lower valee of o 5 15 indicative of a lower DOS and a
better material. Note that, in comparison, due to the absence of any hydrogen the DOS is much
higher in non-hydrogenated amorphons silicon (a-Si) and leads to the very high absorption
secn in the low energy range.

For practical purpose, the energy at which the absorption value is 104 ¢m-Uis often referred to
as the oprical gap although a rigourous definition and determination of the 'gap’ remains still
an open question.

In comparison, the energy bands and especially the band gap is stitl poorly nnderstood in the
pe-Si:H. One can draw some information from the optical absorption behaviour. So far, the
pe-Si:H is understood to be, like polysilicon {poly-S§1), consisting of a composite of finite size
crystallites and a certain amount of disordered/amorphous tissue forming the grain boundaries.
Both these components influence the optical absorption property. In the high photon energy
range (3 eV > E > 2 ¢V) the absorption coefficient lies between that of the c-Si and a-Si:H,
and in fact resembles quite closely that of nndoped poly-Si  This can be attributed to the non-
direct transitions occuring between the valence and conduction like bands formed by the
disordered tissue forming the grain boundaries. The absorption is nevertheless lower than for
a-8i:H duve to the smaller volume fraction of the amorphous tissue in the pe-Si:H. For energies
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below 1.8 eV two factors influence the absorption behaviour: In the case of nndoped material,
transitions occuring to and from  the high DOS created in the middle of the pap die to the
dangling bonds at the grain boundaries contribnte at least partly to the absorption, as
discussed for a-SitH. However, their contribution is masked by the stronper absorption
corresponding 1o the indirect transitions occuring in the energy states resulting from the
crystalline configurations. This is relatively high (104-102 cny1) and therefore lies above the
exponential rail of the a-Si:H. In doped material, the excitadon of free carriers within the
conduction band of n-type or valence band of p-type material dominate the absorption
behavionr as also observed in doped polysilicon deposited at 620 °C [Mishima, 1980,
Labberts, 1981] and mask out the effects of the indirect transitions and the DOS mentioned
earlier. This contribution increases with increasing de condoetivity and shall be treated in
some detail in the results. The reasons for the difference in the absorption at high energies
between the nndoped and doped poly-5i is not clearly identified.

The optical absorption is determined using two different techniques in two separate energy
ranges. For energies above 2 ¢V the standard wansmission and reflection spectroscopy is used
while for lower energies the Photothermal Deflection Spectroscopy (PDS) is used [Cartins,
1988]. Taking the values of absorption obtained from the PDS and the optical
transmission measurements the absorption characteristic is plotted over the energy range from
0.8 eV 10 3.1 eV. The two measurement techniques are briefly deseribed below.

Absorption in the Ultra Violet and Visibl m

The optical absorption provides information on the electronic transitions between the energy
bands. It has been determined from wansmission measuremenis carried owt at room
temperature nsing a commercial computer controlled spectrophotometer (model LAMBDA 17
from Perkin Blmer). The transmission of films deposited on 7059 glass sobstrate was
measured for wavelengths ranging from 300 10 700 nm. This corresponds to photon energies
in the ranpe of 4.1 eV 10 1.8 ¢V. The film surface was positioned towards the source beam,
The spectrometer nses a donble beam technique, one of which is used as the reference while
the other traverses the specimen. The detection is performed by a photomultiplier and
conrolled by a compnter.

For the evalnation of absorption, the typical reflection Rypoccuring at the air-film interface is
also measured on the same system which nses an Ulbricht's integrating sphere in the reflection
mode, In the wavelength range between 400 and 900 nm  the reflection coefficient Ry is
almost constant and has a value of 40%.
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The absorption coefficient ¢ is calculated in the range of 400 to 700 nm, using the following
standard equation for transmission T:

T= (1-Rap)x{exp(-ad) / (1-Raf x Reg % exp(-2ad))}x(1-Reg)x(1-Rga) (33)

where the subscripts a,f, and g stand for air, film and glass respectively, Ryy represents the
reflection coefficient at the interface of medium x-y and d is the film thickness. The factors
(1-Ran), (1-Reg) and {1-Rga) account for the loss due to reflections ar the air/film, fitm/glass
and glass/air interfaces, respectively. {exp(-d)/ (1-Rar . Ryg . exp(-20d))) accounts for the
total absorption within the film resulting from the multiple reflections at the two interfaces of -
the film: film-air and film-glass. Rigis determined from the value of transmission at 900 nm
for which the absorption is assumed as 0 and considering the refractive index of glass substrate
robe 151,

The precise value of absorption coefficient is determined by taking the geometric average over
the interference fringes of the resulting & vs A plot which is obtained by using equation 3.3

and the measured transmission values,

Phorothennal Deflection Spectroscopy (PDS)

The Photothermal Deflection Spectroscopy (PDS) is used 1o measure the absorption coefficient
in the range of 600 to 1400 nm wavelength {2.07 1o 0.89 &V). The system set-up and
measnrement technique is described in detail elsewhere [Curtins, 1988). The measurement
resnlts provide the relative changes inthe absorption coefficient as a function of the wavelength
of the incident beam. The data are then calibrated nsing the absorption coefficient obtained for
a wavelength of 600 nm from the previous technique. The error in the measurement of o,
estimated from the signal to noise ratio, is less than 10 % at an absorption of 1 cm-! and is
expected to be even smaller for higher absorption values.

3.4 Infrared Absorption

The infra-red (IR) absorption gives information on the hydrogen bonding with its surrounding
within the films, via excitation of the phonons. Tha absorption signawres at the different
energy positions are associated to the corresponding vibrational modes excited within the
_material, Figure 3.5 illustrates typical IR transmission spectra of undoped a-Si:H and
pe-Si:H. In both cases, the most important absorption signatures are situated at the following
energy positions: a) around 630 ¢}, b) between 850 and 900 ¢m-! and ¢) around 2000 cm 1.
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In a-8i:H, the peak at 630 cm! is arributed to vibrational excitations of the wagging modes
of $iH, and rocking modes of SiHj, (SiHp), and SiHz bonds [Lucovsky,1979]. This peak
is usually used to calculate the total hydrogen content within the film [Shanks, 1980]. The
signatures sitnated at 850 cm-! and 890 cm-1 are associated with dihydride (=SiHz) and
polyhydride ((=8iH3)p) vibrational modes. These bonds also produce a signature at 2100
cml. The presence of a peak at 2100 cm-! in the absence of any signatures between 800 cm-!
and 900 cm-! is attributed to SiH bonds situated in the internal surfaces of the voids [Beyer,
1985). Finally, another peak centred at 2000 cr is atrributed to the stretching vibrations of
isolated monohydrides (Si-H) [Beyer, 1985].
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Figure 3.5 IR transmission data of undoped a-Si:H and plc-Si:H.

In the case of pc-Si:H, most of the signatures maintain their energetic positions but their
amplitudes and symmerry are modified. Usually the peak at 630 cm! has a coniribution at 556
cmr! which is atributed to §iH2 rocking modes [Uchida,1981]. In our case, a contribution
is observed at 700 cm! which is not identified. The signature at 2000 co-! s asymmetric
towards or completely shifted to 2100 cm'l. This is ataributed to SiH3 and (SiHz)p
vibrational medes [Tsai, 1988]. These groups are assumed to be situated at the surfaces of the
crystallites and in the disordered tissue forming the grain boundaries. In the case of doped
specimens the background transmission is reduced due to the increase in absorption originating
from free carriers. This will be discussed in the results. Note that Jittle or no hydrogen is
expected within the crystallites except for passivating dopants [Johnéon,1991 1. The large peak
sitnated between 1000 and 1300 cm-! indicates the presence of oxygen in the form of §i-O
bonds situated within the voids and at the grain boundaries [Curtins, 1986].
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The measurement of infrared transmisston is performed on films deposited on crystalline
substrates, using 4 commercial Fourrier Transform - Infra Red (FT-IR) spectrometer { model
1720 X from Perkin Elmer). The spectrometer has the possibility to scan over wave numbers
from 400 to 7900 cm-1. This corresponds to photon energies extending from 0.05 eV to 0.98
eV, although a shorter range from 400 to 5250 cm-! was mostly used in our work. Prior to the
measurements, a standard background correction is performed using a piece from the same
¢-Si wafer, which is used as substrate.

3.5 Raman Scattering

The Raman scattering measurement is useful to determine the structural properties of the
material. In this measurement technique the 15t order TO phonon spectrum resulting from the
tnelastic scattering of the incident beam is measured. During the inelastic collision with the
existing phonon bath the incident phoions give up some of its energy to excite the vibratonal
energy levels of the interacting molecules and emerge with a lower energy. These scattered
photons constitute the lower-frequency Stokes rays. Other incident photons may collect
energy from the molecules and emerge at a higher frequency as anti-Stokes radiation. The shift
in frequency gives information on the vibrational energies and structure of the molecules. As
the shifts in frequency of the scattered radiation from the incident rediation are very small, one
requires very monochromatic incident radiasion and a powerful monochromator to detect the
shifts. In the present experiment only the Stokes radiation is studied.
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Fig. 3.6 Raman profiles of c-8i, a-Si‘H and jc-Si:H [Igbal, 1982].
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Figure 3.6 illustrates 1ypical spectra obtained for crystalline silicon (c-Si), a-Si:H and pic-Si:H.
In the case of c-8i only the TO phonon resulting from the vibration of the Si-Si bonds is
allowed which produces a sharp peak centered at 522 cm-! and has a full width at half
maximum (FWHM) of 3.5 cm-! to which is added the effect due to the thermal broadening, In
comparison, due to the disorder in 8-Si:H the phonon conservation rule is relaxed and all the
modes are Raman active [Shuker, 1970]. This resuits in a broad Gaussian centered around
480 col. In this case the FWHM of the Gavssian peak is taken as a degree of disorder of the
bond angles [Beeman, 1985]. The value of 60 ¢m-! is obtained for the FWHM for good
quality a-Si:H. h is higher for material with peorer quality i.e. poor opto-glectronic property
and higher density of defects in the gap.

In the case of jic-8i:H one obtains a profile which can be deconvoluted into two components: a
sharp peak centered near 515 cm-1 called the crystalline component and a broad Gaussian
centered near 480 cm-1 which is called the amorphous component. The first one is understood
1o result from the crystallites and the second from the disordered regions of grain boundary
like (GBL) zones. A Lorentzian fit works better for the crystalline component when the
material has uniform crystallite sizes, whereas the Gavssian fit suits the spectrum obtained
from a materiel having a wide distribution of crystallite sizes [Bustarret, 1991). The shift of
the TO-peak position of the crystalline component to lower wavenumbers, as compared to 522
ctlin ¢S, is artributed to crystallite size effect and stress within the material [Richter, 1981,
Fauchet, 1989].

Using the integrated areas under the crystalline component (I.) and the amorphous component
(Ig) one can determine the volume fraction X, of the crystallites in the pc-8i:H specimen:

Xe = L/(cHyly) 3.4

Here, y is the ratio of the integrated Raman scattering cross sections I/, of the TO band in
the crystalline grains and in the amorphous GBL zones. The ratio y has been reported to be
from 0.14 for polycrystalline silicon relative to a-8i:H [Brodsky, 1977, and Bermejo, 1979)
10 0.88 for microcrystalline silicon relative to a-Si:H specimens [Tsu, 1982]. 1n the later
evaluation of y, the absorption coefficient & for the two materials was comparable at 2.5 eV,
which would be true in the case of very small crystallite sizes or the material containing a large
amount of amorphous tissue. In our case, o in pc-Si:H is lower than in a-Si:H at least by &
factor three and therefore, it would be incorrect to take the value of y as 0.88. The former
value of 0.14 is quite appropriate down to a crystallite size of 400 A and has been selected
for the evaluation in the present work. One should keep in mind that as the crystallite size
decreases 10 100 A, y would increase from 0.14 to 0,77, which will in turn influence X by
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a factor 0.5 [Bustarrer, 1988). Therefore, in less crystalline material, for example in
specimens belonging to- the microcrystalline to amorphous transition region, X¢ will fall off
twice as rapidly than as determined by using y=0.14. The crystallite size, its geometry or
stress in the film can influence liné width, symmetry and the peak positions of the Raman
peaks [Richter, 1981; Fauchet, 1989]). However, such influences have been neglected here.

The measurements have been perfarmed by M. Schuobert at the Institut fur Physikalische
Elektronik, Universitiit Stutigart, They have been carried out a1 room temperature in the
guasi-backscatiering set up. A 100 mW incident beam having 2 wavelength of 488 nm (2.54
€V} has been used from an Ar laser to illuminate a sample area of 10 x 50 pm2. As the
abscrption at this energy is about 5x104 cm-! the probing depth is estimated to be less than
2000 A. The scatiered Stokes Jines are recorded in the range of 300 to 600 cm! with respect
1o the incidem radiation, using a scanning photon counting system attached to a donble
monochromaior. Sampling is averaged over 30 seconds and repeated over 3 times. The
resolution is 0.2 cm! for the system but 4 cm-l  for the measurements [Schubert, 1990].

3.6 X-ray Diffraction

The X-ray diffraction 1echnique is also commonly used to obtain. structural information of the
samples. The diffraction results contain signatures for differem crystallographic planes. From
these one can derive information on preferential orientations of crystallites and the mean
value of the grain sizes. '

Table 3.2 Crystallographic parameters for polyerystalline silicon powder
where <hkl> are Miller's indices defining the crystallographic plane, d(hkl) is the interplanar
distance and 2@ (hkl} is the angular position satisfying Bragg's condition, when Cu-Kq
radiation is used.

bkl dkfA)  268(hkD]

<H 1> 3.135 28.45
<220r> 1.920 47.31
<311> 1.637 56.14
<400> 1.358 69.11

Figure 3. 7 illustrates a typical diffraction pattern resulting from poly-crystalline silicon
powder having random orientation of crystallites. The sharp peaks characteristic of the <1112,
<220>, <311> and <400> crystallographic plancs are observed at the angular position which
satisfies the Bragg condition for the comesponding planes, Table 3.2 gives details of the



different crystallographic orientations <hkl>, their interplanar distance d{hkl) and the angular
position 20 of their peaks, when Cu-Kq radiation is used.
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Figure. 3.7 X-Ray spectra of poly-Si powder,
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Fig. 3.8 Diffraction spectra of pie-Si:H (a) as measured
and (b) after backgroung substraction.

When measuring the pc-Si:H samples deposited on glass one encounters some difficulties.

As the absorption coefficient of the silicon for the X-rays, having a wavelength of 1.5406 A
(= 8 KeV), is rather low (141 em*1) and as the sample is rather thin (0.5 um), the diffracted
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signal is rather weak since most of the X-rays are absorbed or scattered by the glass substrate.
Fig 3.8 illostrates a typical diffmcton specima (a) as obtained for a pe-Si:H sample prepared
on glass substrate and (b) after eliminating the contribution of the substrate and smoothing it.
These results are then compared with that of random oriented polycrystalline silicon, 10
determine the crystallite orientation and whether any preferenzial orientation in the films is
present.

For crystallites having a limited dimension, one can determine the averdge size d of the
grains by osing the full width at half maximum (FWHM) [ of a sclected peak and Scherrer’s
equation [Klug, 1954].

d=ki/Pcos(20) [A) (3.5)

where, 20 is the angular peak position, A the wavelength of the X-rays and k a constant
determined by the geometry of the crystallite which has a valoe of 0.89 for an assumed
spherical grain structure. This equation is valid for uniform grain sizes larger than 100 A in
our case. For smaller grain sizes the determination of peaks and the FWHM becomes very
erronous due to the background noise.  For the intrinsic and n-type samples the <111>
peaks were used for the above evaluation as they were most prominent while for the p-type
films, due to the absence of the <111> peak, <220> peaks were used.

The FWHM is corrected for the peak broadening b due to the system which is of
approximately 0.1°. Thus the corrected B = (Breasured? -b2)1/2 is used in equation 3.5.
Besides, stresses in the film ean also contribute to the peak broadening but Scherrer's
procedure used in our case does not perform the necessary cotrection.  Further limitations
using Scherrer’s procedure have been recently reported by Veprek, who sugpesis instead a
complete analysis of the Bragg peak profiles using the Warren-Averbach procedure which
takes into account the contribution of mechanical microstress and finite crystallite size on the
width of the peaks [Veprek, 1991]. This procedure has not been used in our case as we were
unaware of it until now. Therefore, the results obtained in onr case, using Scherrer's formula,
shonld be treated with care as they are indicative of the average grain sizes and by no means

&xact,

X-ray diffraction measurements, in our case, have been performed by J. Baumann at the
Physics Institute of Konstanz University using a commercial Siemens D501 X-ray
diffractometer. An accelerating voltage of 40 KeV at 30 mA is used 10 produce Cu-Kg
radiation having a wavelength of 1.5406 A. Specimens having a size of about 4 cm? are fixed
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on the sample holder, which is rotated by 9 during measurements. The diffracted rays are
recorded for 28 angles ranging from 15° 10 70°,

In the final phase of this work, due to the necessity of a higher sensitivity, some grazing angle
X-ray measurements have been camried out at CNRS -Grenoble. A grazing angle of 0.3°
increases the volume of the probed specimen which reacts to the X-rays, increasing the
sensitivity of the measurement [Brunel,1989). In this case the diffracted peaks of the <I 11>,
<220> and <311> planes are obtained ar 14.18°, 23.72° and 28.07°, respectively. The
detector is scanned in the range of 10 to 30°.

3.7 TEM and Electron Diffraction

High resolution micrographs obtained from transmission electron microscopy (TEM) enables
one to have details of the film structure, namely: the crystaliine and amorphous zones,
crystallographic defects, and grain boundarics. One also obizins details of the structure at the
film-substrate interface. The microscope used for the study (Phitips CM30; 300 kV) provides
a magnification factor of 110000 which gives a point resolution of 1.9 A,

The selected area electron diffraction (SAED) patterns  obtained at the focal plane of
microscope  provides further information on the film structure. An amorphous structure
results in a diffraction patrern with broad diffused haloes, while sharp rings with distinct
points are observed in the case of randomly oriented polycrystalline structure [Tsai, 1988]. A
pattern exhibiting a periodic structure of bright diffraction spots is characteristic for a large
crystalline area with a low-indexed crystallographic orientation parallel to the electron beam.

The specimens on glass and c-Si substrates have been prepared by cleavage. The
measurements have been performed by Mrs, E. Miiller as the Solid State Physics Labomatory
of ETH, Zurich.

3.8 Secondary Ion Mass Spectroscopy (SIMS)

The concentration of dopant atoms have been measured using secondary lon mass
spectroscopy (SIMS). A depth profile of the dopant concentration is obtained from the
measurements. In the case of a nonuniform depth profile, the concentration is determined by
averaging the concentrations of three different depths.
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The measurements of phosphorus content in the n-type specimens have been camied -ont at
Charles Evans & Associates, specialists in materials characterizadon. The measurement is
performed using a Cesium ton source against the specimen and counting the negative
secondary ion mass as a function of time. The treated data gives the depth profile of the
dopant concentration. The resolution of the system is 1016 cm3 and the dynamic range is 4
and 1/2 orders of magnitude. The intensity of the secondary ions is proportional to the dopant
concentration over the entire dynamic range. The calibration is performed using a P imnplant
silicon standard.

The p-type samples were analysed at the 'Zentrum fiir Sonnenenergie und Wasserstoff
Forschung', Stuttgart. Here a 40 KeV Art ion source was nsed. The detecrion limit in this
case was 1019 em3 for phosphorus and 1018 cm*3 for boron. The calibration is performed
using concentrations obtained from XPS and AES on a couple of samples.

Silicon density is assumed to be 5x1022 cm-3 for the calculations in all cases.

3.9 Plasma Characterization

Two different types of measurements have been performed to have a better understanding of
the VHF plasma. These are 1) Optical Emission Spectroscopy (OES) and 2) Electrical
measurements. These diagnostics have been performed by J.-L. Dorrier, A. Howling and
Ch. Hollenstein at the Centre de Recherche de Physique des Plasmas, EPFL for hydrogen
diluted silane plasmas [J.-L. Dorrier, 1990]. They are described briefly hereunder.

o] 11E § 51 CTD QE

The optical emission spectroscopy (OES) of the plasma is useful to deterrnine the
concentrations of some of the radicals produced in the hydrogen diluted silane plasma. These
radicals are recognised by their characteristic emission upon deexcitation. The following two
radicals have been observed at their corresponding wavelengths: SiH at 414 nm and atomic H
at 656 nm. SiH is often associated with the deposition rate and H is suspected to  play a
significant role in the surface kinetics during the pc-Si:H film growth [Oda, 1988).

The measurements are performed using an optical multichannel analyser (OMA). No dopant
gas was used in this case. The influence of dilution and discharge power was investigated for a
discharge frequency of 70 MHz. Some measurements were also performed at 13.56 MHz for
comparison.
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Electrical measurements

Electrical measurements such as the self bias and the peak to peak voltage present at the RF
electrode are useful to determine the voltage profile between the two electrodes. From these,
one can also determine the sheath potentials and evaluate the influence of the ion impact at the
film growth surface, Details of the technigue are given elsewhere [Howling, 1991).
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4. MICROCRYSTALLINE SILICON FORMATION PROCESS

4.1 Introduction

Three important conditions have been claimed to be necessary for the formation of
microcrystalline slicon (Uc-Si:H) using PE-CVD processes. These are (1) high dilution of
silane in hydrogen, (2) high discharge power and (3) a high substrate temperature. The first
two enrich the plasma with atomic hydrogen and the interface between the plasma and the
film growth surface approaches partial chemical equilibriom PCE [Ensslen; 1987, Veprek,
1988)]. Under these conditions a balance is reached between the deposidon of silicon atoms and
radicals and erosion of weak and disordered bonds promoting microcrystalline growth. The
atomic hydrogen is understood to play a predominant role in the preferential eliminadon of the
weak and disordered bonds by a chemical etching mechanism [Tsai, 1987 and 1988a] opening
the way for tetrahedral configuration. Along with the first two, the high substrate temperature
provides the necessary energy io enhance the surface mobility of the oncoming reactive species
and for the desorption of surplus hydrogen [Matsuda, 1989). Atomic hydrogen is also claimed
10 petform ‘chemical annealing'ie. interact with the weak silicon bonds and dangling bonds
under the growth zone to induce energetic relaxation and restructure the silicon network
{Shimizn, 1989].

In this chapter, a detailed investigatdon of the formation of undoped and doped pe-SizH films,
having a thickness of about 0.5 pm, using the VHF-GD technique will be presented. The
influence of two of the important parameters, namely, the dilution of silane in hydrogen and
the discharge power has been studied. A detailed investigation of the influence of substrate
temperature indicated that pc-Si:H films with highest conductivity and maximum crystallinity
was obtained at the optimum substrate temperature in the range of 150 1o 200 °C [Prasad,
1991a]. This is the temperature range used for the series presented here. First, the influence of
the silane concentration and discharge power on the  different film properties are presented and
discussed. The critical valves of the deposition parameters influencing the microcrystalline to
amorphous transition are elucidated. Microcrystallinity is verified by different techniques and is
discussed in relation to the process parameters, Finally, the favourable influence of the VHF-
GD on the preparation of uc-Si:H is considered, based on certain measurements of electrical
potentials within the plasma and at the sheaths neighbouring the electrodes.
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4.2  Deposition parameters
Dilution of silane in hydrogen

Four series of samples were deposited to stndy the influence of hydrogen dilution of silane for
the deposition of undoped ('U"), phosphorus doped and boron doped films. Table 4.1 gives
the details of the deposition parameters. The silane concentration is varied over a range where
the transition from microcrystalline 1o amorphous silicon was observed. The discharge power is
rather low (23 mW/cm?) in the case of undoped and the twa n-type series (1,2,, & 2y,). For the
p-type series (3) itis higher (150 mW/cm?). The gas phase doping levels are 0.6 and 2% in
the n-type series and 0.9% for the p-type series .

Table 4.1 Deposition parameters for the 'dilution' series:

no. type [Doping gas)/[SiHs] [SiH4)/{total] Ts Power Pressure

(%) (%) (°C)  (mW/em?)  (mbar)
1. v 0 31010 200 23 0.4
2a. n 0.6 31010 200 23 04
2p. n 20 1to 5 150 23 0.4
3 P 09 1510 55 160 150 08

har; Wi

Table 4.2 gives the details of the deposition parameters for the three series in which the
discharge power has been varied. The doping levels are 0.6% for the n-type and 0.9% for the
p-type series. Silane concentration of about 3.3% is used in the first two series, and for the
last p-type series it is 1.6%. The power range is selected so as 1o study the influence of both
relatively low and high power levels. In the first two seties the minimum power used is just
above the threshold required for plasma stability.

Table 4.2 Deposition parameters for the "power' series:

no. type [Doping gas]/[SiHs] [SiHs)/Ttotal] Ts Power Pressure
: (%) (%) (°C)  (mWim?)  (mbar)
4. o 0 33 200 23 to 190 04
5. n 0.6 33 200 23 (0 190 0.4
6. p 0.9 1.6 160 37 1o 375 08

32



4.3 Resnlis

First, the results of the influence of silane dilution will be presented followed by that of
discharge power,

4.3a Dilution of silane in hydrogen
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Figure 4.1 Deposition rate for the undoped, n-type and p-type series
as a function of silane concentration.

Figure 4.1 illustrates the deposition rate as a function of the total silane concentration. For the
first three series, an undoped and two n-type series which were deposited at the same low
discharge power (23 mW/cm?), the deposition rate is similar for a given silane concentration
within the experimental scatter of 0.2 Afs. It increases monotonously with increasing silane
concentration. The deposition rate is significanily higher for the p-type series as it was
deposited at higher power (150 mW/cm?2). It also increases more rapidly as the silane
concentration increases from 1.6 % to 4%. In all the cases, one does not observe any
discontinuons increase in the deposition rate from which one can expect any significant change
in film morphology. In the p-type series, the increase of deposition rate from 1.5 A/s to mare
than 2.5 A/s could influence the film structure, since lower deposition rates are more favourable
for microcrystallite nucleation while higher deposition rates lead to a-Si:H formation [Veprek,
1989).
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Dark conductivi

The dark conductivities o of these series are piotted in figure 4.2 respecring the same symbos.
Here the sharp transitions of several orders of magnitude, indicating an amorphous to
microcrystalline transition, is ¢learly observed as the silane concentration is increased.
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Figure 4.2 Influence of silane concentration on the dark conductgvity.

First let us lock at the undoped series (no.1). Below 6.5% of silane the dark conducgvity o is
between 104 and 10-3 Sfcm with an activation energy B, in the range of 0.15 - 0.2 ¢V, Such
a high conductivity is 4 to 6 orders of magnitude higher than those obtained for quality
nndoped a-8i:H, which has a dark conductivity typically in the 109 to 10-1! S/cm range. The
wide scatter between 10°3 and 104 S/cm s possibly due to unintentional doping from the
dopants outgassed from the walls since the specimens were produced in the same reactor where
previously phosphorus doping was performed. Upon increasing the silane concentraton
beyond 7% the conducdvity drops abrupiy to 106 o 10-9 S/cm range and the activation energy
rises to more than 0.6 £V. These values correspond to those found in rndoped a-Si:H. From
these resulis one can expect that these films are amorphons in structure thoungh not fully
optimised as compared to the solar-grade a-$i:H: i.e. having low defect density (<1016 cm3)
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in the mid gap and viable for phatovoltaic applications. Here too, the influence of stray doping

- could explain the wide scaner in conductivity observed in these films. In comparison the films
cbtained at lower silane concentrations and having much higher conductivities appear distinctly
different and, npon further investigations described later in the chapter, are recognised as being
microcrystalline in structure.

Let us now look at the two phosphorous doped series: no.23 ([PH3]/[SiH4]=0.6% and
Ts=200°C) and no.2y ([PH3)/[SiH4]=2% and Ts=150°C). In both cases a transition from
higher to lower conductivities by several orders of magnitude is observed upon increasing the
silane concentration, In the case of series 25, which is deposited using the same temperature as
the undoped series and a low doping level, the transition seems to occur at almost the same
silane concentration. For the series 2 which was deposited at a slightly lower temperature and
2 higher doping level the transition seems to oceur in the vicinity of 4%. This difference in the
ransition threshold may be cansed cither due to the difference in temperature or the doping
tevel. 1t could also result simply from a wide scatter in film propetties in the transition
region. A separate study of the influence of temperature indicates that this small temperature
difference (from 200 °C 1o 150 °C) has Jittle infloence on  the film conductivity [Prasad,
1991a]. On the other hand, from the results presented below, it is leamt that at higher doping
levels the average crystallite grain size tends to decrease, suggesting that very high doping of
phosphorons or boron may impede crystalline growth. Therefore, it is suspected that the
possible shift in the microcrystalline to amorphous  transition threshold to lower silane
concentrations for series 2, could be influenced by the higher doping level.

The highest conductivity of 130 S/cm  with E; of 12 meV is obtained for the specimen
deposited a1 2.3% of silane in series 2y Interestingly below this optimum concentration, the
conductivity decreases, suggesting that the crystallinity of the film degrades. The maximurn
conductivity obtained at 2.8% silane in series 2, is lower (53 S/cm) duc to the lower doping
level (0.6 %). The specimens having conductivities in the range of 1 to 130 S/cm are suspected
o be microcrystalline. This is confirmed using other measurement techniques described later.
In comparison, for silane concentrations higher than the transition threshold the conductivities
obtained in series 2, are close to 10-2 Sfem with Eg equal 10 0.2 eV corresponding to that of
rhosphorus doped a-Si:H, Therefore, we can expect these samples to be amorphous.  As
observed in the figure, the transition is not complete in the case of series 2, far-the specimen
deposited a1 4% SiH4. The conductivity is relatively high as compared to that of the previous
series, '

For the phosphaorus doped series the range of silane concentration for which good quality
microcrystalline fitm is produced is relatively large and comparable to the undoped series.
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Finally, in the p-series (no 3) the highest conductivity of 22 S/em with E, of 15 meV is
obmined only in the case of very low silane concentration (1.6%). This highly conductive
material  is also verified to be microcrystalline. The transition from the high to low
conductivity is much steeper in this serie as © drops by more than 9 orders of magnitude, (o
2x10-8 §focm with E;= 0.6 ¢V, as the silane concentration increases to 4%. These values of ¢
and E, do not correspond to those of p-type a-5i:H which has a conductivity typically in the
range of 10-3 to 10-5 S/cm for comparable doping levels {Beyer,1984], It appears that the
specimen is undergoing a change from boron doped microcrystalline 1o poerly doped a-Si:H.
The high discharge power (150 mW/cm?) used for the deposition scems to produce a defect
rich material which favours incorporaton of all the dopant atoms in 2n inactive 3 fold
coordination within the amorphous network [Street, 1985).

As the transition from ricrocrystalline to amorphous structure occurs at silane concentrations
of about 2.5%, the range of silane concentravon required for the formation of pc-Si:H seems
to be rather small.

Structure

The X-ray spectra of three samples deposited at different silane concentrations and belonging
10 the undoped series (no.1) are plotted in figure 4.3 (bottom three curves). The sample
deposited using 3.3 % silane exhibits sharp peaks corresponding to the <111>, <220> and
<311> crystallographic planes parallel to the film surface. The ratios of the peak intensities
correspond quite closely to those observed for polysilicon powder indicating that crystallite
orientation within this material is random, i.e. withour any specific preferential orientation, like
in the polysilicon powder. For the sample belonging to the microcrystalline to amorphous
transition threshold ([SiHs) = 6.7%) the peaks are still weakly present with reduced intensity
and broader full width at half maximum (FWHM). These indicate a decrease in the total number
of coherently diffracting centres implying a reduction in the size of the crystallites. The last
specimen, deposited using 8.1 % silane is identified as X-ray amorphous since it does not
contribute any diffraction peak. Its amorphous structure is atso confirmed by Raman scanering
measurements presented later (figure 4.6). Thus the transition from the high conductivity to
low conductivity comrelates to the transition from a crystalline to a purely amorphous structure,

The X-ray measurements of phosphorus doped series also indicate similar modifications in the
crystalline peaks. A nobceable difference is seen already for the most conductive specimens
prepared at the lowest silane concentrations. In the case of series 2;, the crystallite peaks are
smaller in size (3" curve from the top in figure 4.3) than for the undoped specimen prepared
at comparable silane concentration. The peaks are reduced still further 1o the extemt of
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disappearing against the background noise in certain highly conductive specimens belonging to
series 2y - implying a  structure that is amorphous to X-rays (2nd curve from the top). The
sensitivity of the present system enables us to detect crystallites equal or larger than 100 A
only. The specimen defined as amorphous to Xray is expected to he pc-Si;H as it has a
conductivity of 70 S/cm. In fact its crystalline structure is verified by grazing angle X-ray
diffraction described in the next paragraph. In p-type series, the <111> and <311> peaks are
weak or absent while a strong <220> appears for the most conductive sample deposited at
1.6% of silane (top most curve). The peak situated near 39° is resnlting from the diffraction on
the aluminium contacts. The highly resistive samples are purely amorphous to the X-rays in all
the cases. These results indicate that doping infiuences the film morphology. Boron doping
causes a crystalline growth with preferential orientation of <220> planes parallel to the film
surface, while high phosphorus doping seems to reduce the crystallite size.
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Figure 4.3. X-ray results for undoped series indicating the transition from microcrystalline to
amorphous structure as the silane concentration is increased (botiom three curves). Top 3
curves indicate typical spectra of doped pc-Si:H showing the decrease and widening of
<111> peak intensities upon doping as compared to the undoped specimen (3 curve from
bottom). The preferential orientaton is observed in the <220> direction for the p-type
specimen (top most curve),

A verification on the highly doped n-type specimen which appeared amorphaus to the X-ray,

was carried out using grazing angle X-ray measurement at CNRS-Grengble. A grazing angle
of 0.3% increases the volume of the probed specimen which reacts to the X-rays increasing the
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sensidvity of the measurement [Brunel, 1989]. The result is illustrated in figure 4.4. Clearly a
vast difference is observed between this result and that presented earlier. Peaks
corresponding to the <111>, <220> and <311> crystallite orientations are distinctly present
and their evalvation corresponds to & grain size of about 60 A. The resolution and sensitivity
of the present set-up is clearly superior to that of the 8-20 system used for most of our

specimens.
= <11l> Grazing angle =0.3°
i 3=60 A 1
~ <220>
Zr =60 A <311>
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Figure 4.4 Grazing angle (0.3°) Xray diffracdon spectra of highty conductive n-type
specimen which was identified as X-ray amorphous (2nd from the top) in figure 4.3.
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Figure 4.5 Average crystallite size @ determined nsing the FWHM and Scherrer's formula.

The average size d of the crystallites have been determined by using Scherrer's formula and
FWHM of the <111> peaks in the first three series and the FWHM of <220> of the p-type
series. This is represented in figure 4.5 The figure indicates that the average grain sizes 0 of
the best undoped microcrystalline ties between 160 and 250 A and reduces to less than 100 A
as the silane concentration increases to the microcrystalline to amorphous transition threshold.
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For comparable low silane concentrations, 9 is Jower for phosphorus doped samples as
compared to the undoped ones. This decrease is more pronounced in the case of more heavily
doped 2p, series. For the p-type highly conductive sample dis 160 A. Thus one observes, in
spite of the wide scatter in the evaluated values of 8, a large difference in the average grain size
of good quality pc-Si:H depending on whether they are doped or undoped. Segregation of
dopants at the grain boundaries is snspected to reduce the crystallite sizes. The grain
boundaries are low energy sites which allow dopant incorporation in 3 fold coordination as also
observed in a-Si:H [Fripp, 1975; Street, 1985]. More on the infiuence of doping on 3 will be
presented in chapter 5. Tt can be concluded that the X-ray results, though indicative and with
some limitations, provide evidence of the presence of crystallites in most of the highly
conductive specimens, It also confirms the purely amorphous structure expected for the
highly resistive samples.

The transition from microcrystalline to amorphous structure is also confirmed using Raman
scattering experiments. Figure 4.6 illustrates the spectra for the films corresponding to the
undoped series. An almost symmetric sharp peak, comresponding to the crystalline component,
centred at 517 ¢l wavenumber is observed for the most conductive film deposited at fow
silane concentrations. The shift of the peak of the crystalline component from 522 cm-!
obtained for c-5i is an effect of crystallite size and stress within the film [Richier, 1981;
Fauachet, 1989]. The small asymmetry of the peak can be deconvoluted into another small
contribution centred at a lower wavenumber which is attributed to the amorphous component.
For the film belonging to the transition threshold concentration of 6.7%, 2 broad bump at
lower wavenumbers is present along with the crystalline component. This is even more
prominent in the specimen with 7.4% silane. This indicates a mixed phase morphology
consisting of crystallites and disordered or amorphous network. The latter increases in
proportion within the film with increasing silane concentrations. In the last spectrum ([SiHy] =
9.5%), the crystalline component has disappeared totally aud the broad gaessian amorphous
component confirms a purely amorphous or disordered stricture,  Similar results are also
obtained for the doped series as well (series 2, and 3). The data correlate nicely with the
conductivity results and confirm the crystalline and amorphous structure of the specimens
deposited at low and high silane concentrations, respectively.

The Raman specirum of 2 microcrystalline structure consisting of uniform sized crystallites is
best fitted with a Lorentzian line. For our specimens both the amorphous and crystalline
components in the Raman spectra are best fited by Gaussian lines. This implies that the
crystailites within these specimens have a wide distribution in size which introduces a statistical
broadening and enlarges the distribution of crystalline TO vibrational modes. The Gaussian
distributions were used to determine the integrated intensities of both the peaks for the
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evaluation of the-crystalline volume fraction X.. The FWHM of the amorphous component and
its peak position were also determined to characierize the degree of disorder and the nature
of the amorphous structure, respectively.
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Figure 4.6- Raman spectra of undoped series indicaring the transition from pte-Si:H
to amorphous structure as the silane concentration is increased.

In figure 4.7 the crystalline volume fraction X has been plotted for series 1, 2, and 3. The
sharp transition behaviour is similar to that observed for the conductivity (figure 4.2) of these
specimens. In all the three series, for the specimens having the highest conductivities, X is
ashigh as 80 10 90% in the film. Itdrops down 10 0 as the silane concentration is increased.
The transition from crystalline to ammorphous structure for the p-type series correlates rather
nicely with the conductivity results. The transition is.somewhat different for the n-type
series(2,) and the undoped series. For the n-type series it occurs at fower ;ilanc concentrations
than for the undoped series, whereas in condnctivity results (figure 4.2) this transition was
weakly observed at similar silane concentration of 6-7% for both the series. A wide scatter in



the film property and measurement resulis in the transition zone is suspected 0 be at the origin
of this descripancy. Besides, different influences of limited crystallite size on the Raman
scattering cross section and the transport phenomena could be another possible reason. As
mentioned in section 3.6 the drop in X can be expected to be more steep if one could
introduce the effect of decreasing crystallite grain size on the Raman scartering cross sections
[Bustarre1, 1988].

2

c

Crystallite volume fraction X (%)

[SiH,] / [total] {%)

Figurc 4.7 Crystalline volume fn{cﬁqn X, as a function of silane concentration,

In figure 4.8a the FWHM of the amorphous component is represented for the three series:
no.1, 2a and 3. A higher value of FWHM indicates a larger distribution of the bond angles and
the presence of a greater degree of disorder in the material [Lannin, 1984]. One can see here
that for increasing silanc concentration the FWHM increases indicating an increasing disorder.
The FWHM is minirmurn for the undoped microcrystalline specimen and has a valve of less than
60 cm-l. Such low values have not been observed in an amorphous network. Studies on
structural modification in GD and LPCVD deposited specimen as a function of temperature
indicate a discontinuous transition in the FWHM from values greater than 60 cm!in
amorphous films 1o less than 50 cm! in crystallized ones [Bustarrel, 1984). Therefore, it
seems that the disordered component existing in these ple-Si:H films, contributing to the
amorphous peak, is different from what is commonly found in a-3i:H. The disordered or
distorted silicon bonds at the surfaces of the crystallites forming the grain boundaries between
two neighbouring crystallites contribute to this scattered broad “amorphous-compenent’. The
low valves of a-FWHM implies that these specimens do not really contain any bulk amorphous
tissue and the asymmetry observed at the low wavenumbers of the crystalline compenent in the
Raman spectra is due to the phonon scattering at the grain boundaries. This is supported by the
amorphous TO-peak position of these spectra (Figure 4.8b). The data resembles that of
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figure 4.7 with the wave numbers in the y axis, ranging from 475 to 505 crm-!. The TO-peak
posidon of the amorphous component for normal a-Si:H specimens is generally situated
around 481 cm1. This is well the case for all our amorphous specimens, undoped and doped,
mentioned earlier. For the quality fic-Si:H specimens, having high values of X and low a-
FWHM, the TO-peak is situated at 495 crr! or higher wavenumbers. Such a shift in the TO
peak position 1is a signature of grain boundaries consisting of lattice mismatch in
polycrystalline silicon and not dee to the presence of any amorphous tissue [P. Fauchet, 1988
&1991]. Therefore, we seem to be dealing with a polycrystailine - like structure having
crystallite size in nanometer range.
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Figure 4.8a FWHM of the amorphous component for varying silane concentration.
Figure 4.8b TO peak position of the amorphous component for the same series.

The FWHM for the doped specimens is higher than for the undoped series (fignre 4.8a). An
increase in disorder as deduced from subgap absorption or ESR due to increasing defect
states and dopant states is well known in doped a-8i:H {Street, 1985). Recemly, similar
influence of doping on the a-FWHM has been reported for a-Si:H [Dusane, 1991). Such an
increase of disorder is observed in our doped amorphous films by the higher value of the
FWHM of the a-component, as compared to that of the undoped specimens. From similar
vertical shift also observed for the microcrystalline specimen, it is suspected that doping
increases the disorder at the grain boundaries in pc-Si:H as well. Dopant segregation at the
grain boundaries may be a possible source for such increase in the disorder.  Additional proof
for this is obtained from the higher value of absorption coefficient found in the high energy
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range of the highly doped specimen. Such increase in the non-direct absorption is attributed to
an increase in the grain boundary disorder and will be discussed in the chapter 5.

Figure 4.9 illustrates 2 high resoludon TEM photograph of a highly conductive (¢=70 §/cm)
n-type specimen, belonging to series 2y, deposited on a c-8i substrate. The inser illuswrates
an electron diffraction image for the same specimen. Here, the regular diffraction points are
obtained from the c-5i substrate while the concentric sharp rings formed by discreie spots
indicate a random orientation of crystallites within the specimen. In the TEM photograph, on
top one sees the c-8i substrate and the ple-SizH/c-8i interface. It is interesting to observe that
an orderless structure having a thickness of abont 20 to 30 A lies at this interface. This is
thought to be the native Si-oxide, as it also has around the same thickness and as no in-situ
cleaning process was performed on these subsurates. A comparable experiment with an in-situ
etching of the native oxyde shounld provide more evidence on this. Below this interface, the
uc-SizH structure can be seen. Crystallites ranging from 50 A to more than 500 A | oriented in
all directions can be identified throughout the film thickness. Taking into accoum the
magnification factor of 340000, one can identify lattice spacing of about 3 A of the <111>
orientation in many crystallites. The crystallites are indeed separated by lattice mismatch, as
speculated earlier. Hardly any amorphous tissue can be identified between these crystallites
(although this specimen was X-ray amorphous due to system limitations - 27 curve from the
10p in figure 4.3). However, some amorphous layer can be identfied at the air/film interface.
This is attributed to a surface oxide which has a thickness of a few nm. This oxide layer is
thicker and more non-uniform than the native oxide observed at the substrate/film interface.
This is due to the defects introduced in the specimen during specimen preparation [Maller,
1991]. Note that, as onc moves away into the film, from the air/film interface, the structural
details are lost due to decreasing resolution.

TEM results of undoped specimen are found to be very similar 1o the n-type specimen.
Besides, no difference was observed on the film structure for films prepared on glass or ¢-8i
substrate. The crystalline structure is present from glass/film interface upto the top of the film.
From the results of Raman scatiering and TEM, we conclude thar our undoped and n-type
specimens resemble polysilicon material, usually prepared by thermal CVD process at higher
than 500°C [Kamins, 1988], but with somewhat smaller grain size. In thermal CVD deposited
poly-Si the grain size lics between 400 and 1000 A.

The stuctural details are significantly different in a p-type specimen. Figure 4,10 illustrates a
TEM photograph of a p-type highly conductive (0=22 S/cm) specimen on glass. It was

deposited using the process conditions of series 3, excepting for the gas phase doping level
which was 0.4 % instcad of 0.9%. In the insert, a typical electron diffraction image is also
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included. Besides the sharp concentric rings as observed previously, it also illustraies some
regularly spaced bright points resulting from some preferential crystalling orientation.
However, it is not possible to identify the orientation due to the absence of any diffraction
pautern from a known lattice orientation on the same image. These bright points may very
likely be the diffraction from the <220> oricntation since a preferential orientation in this
direction is identified from the X-ray results (figure 4.3 and chapter 5).

The TEM photograph, indicares a strong columnar growth of crystallites and grain boundaries
in form of needles extending more or less vertically throughout the specimen. A high power
hydrogen plasma, as used in the present case, has a behaviour similar to a physical vapour
deposition (PVYD) [Tsai, 1987]. PVD is characterised by a line of sight deposition process
which resolts in a strong columnar morphology. The high power plasma used for the
preparation of the p-type specimen is suspected to behave more like a PVD process and is
responsible for the resulting different structure. Compared 1o the n-type specimen which has a
homogenecus crystalline structure, prominent fibrous structure is observed in the p-type
specimen. Such a structnre can be expected 1o have an anisotropic influence on the film
properties. Forexample, the electrical charge carriers would eacounier more grain boundarnies
while travelling perpendicular to the needles (coplanar mode) than vertically along the needles
(ransversal mode). This could produce a strong difference in the coplanar and transversal
conductivity. Note thar it is difficult to measure the latter, since the film growth on a conductive
back contact may not be identical to that obtained on glass. A separate study needs to be
undertaken ro verify this.

A strange zone is observed at the film-glass interface. An amorphous layer having a thickness
of about 330 A forms a buffer layer between the glass substrate and the strong columnar
morphology of the film. It is of imponance to understand whether this is part of the glass
substrate or the initial deposition of the film in the amorphous phase. A further investigation on
a 250 A thick p-type specimen, deposited under the same conditions also revealed such an
interface, but was identified as belonging to the glass substrate as it was sitated 250 A below
the film surface (details will be presented in chapter 6). Therefore, it is concluded that the buffer
layer observed here forms part of the glass substrate which nndergoes some reaction with the
argon or hydrogen plasma. The precise reactions are still nor clear. Itis likely that this reaction
occurs during the annealing process in which a 150 mW/cm? argon and hydrogen plasma is
used to clean the substrate prior to the deposition. Similar interface for undoped or n-type
specimens were unfortunately not phorographed 10 verify if similar amorphous zone was also
present on these specimens. Detailed investigaton of glass surface by TEM after plasma
annealing would be useful to understand the influence of such cleaning processes.
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Figure 4.9 High resolution TEM photograph of a highly conductive n-type pc-Si-H (series 2p,
0=70 S/cm) deposited on ¢-Si substate (magnification factor; 340000).
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Figure 4,10 TEM photograph of p-type jtc-Si:H (series 8, 6=22 Sfem ) grown on glass
substrate (magnification factor 110000).
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Optical absorption

The modification in the film structure has important influence on the optical absorption
property of these films as wefl. Figure 4.11a &b illustrates the absorption property of the
undoped and phosphorus doped series, 1 and 2, respectively. One can observe that, in both
cases for films deposited at high silane concentrations and having an amorphous structure the
optical absorption resembles that observed in a-Si:H. The absorption is very high for photon
energies greater than 2 eV and below this energy level, it drops exponentially by several orders
of magnitude. The Urbach energy Eg in the case of the nndoped film (figure a) is about 60
meV as determined from the experimentat slope and 50 meV after subiracting the centribution
of defects [Pierz, 1991). The absorption «12 at 1.2 eV is 7 cm-l. In usual high-quality
vndoped a-$i:H, having similar film thickness, the typical values of Egp and ot 2 are less than
50meV and 2 to 4 cm!, respectively. While the value of Eq is comparabile, the diffcrence in
o2 could be due to the the fact that our film has not been optimized in the amorphous
structure. Influence from residual dopants which would increase the defect concentrations in the
band gap could be another possible explanation,
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Figure 4.11 Optical absorption for (a) undoped series-1, and (b) for n-type series-2,,

In comparison, for the n-type film deposited at 8.4% of silane the corrected Eq is 68 meV
and o112 is 80 em-!. Usually for n-type a-5i:H deposited using a comparable doping level,
the cotrected Eg is reported to be less than 60 meV and o) 2 is about 200 cmrf [Pierz,
1991]. This difference in Eg is not clear. ¢ 2 is lower in our specimen suggesting that the
total density of defects in the energy gap is lower for the same gas phase doping ratio. Similar
results have been observed previously in n-type a-Si:H using the VHF-GD process where,
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for similar gas phase doping ratios, the total defect densines and the solid phase incorporation
of dopants were lower than those reported at 13.56 MHz. As the conductivities were also
lower in this case [Prasad, 1988] it was concluded that the doping efficiency in  a-Si:H is
lower in the 70 MHz-GD than in 13.56 MHz. By doping efficiency we mean the ratio of the
total active dopant concentration in the film over the total concentration of the dopant molecules
in the gas phase during the preparation of the specimen.

As the filmn morphology changes from purely amorphous to microcrystalline with decreasing
silane concentration, in both the series the absorption for energies greater than 2 ¢V is reduced,
as compare to that of a-8i;H. This indicates a change in the electronic transitions andfor a
decrease in contributions originating from ihe disordered grain boundary zones which undergo
modifications. Interestingly, in this energy range the absorption coincides with that of
undoped LPCVD poly-Si {Lubbens, 1981] and supports our previous assumption that the
mec-Si:H resembles poly-Si.  For energies lower than 2 ¢V the absorption increases indicating
again & change in the nature of the clectronic transitions. For undoped specimens, the ingreased
absorption maiches nicely with the absorption characieristic of ¢-Si (dotted curve) and is
therefore attributed to the indirect transittons occuring within the crystallites, Based on this
close resemblance one can also atribute the same energy gap of 1.1 eV of ¢-Si to the
crystalline part of the pe-Si:H. Absorption data for poly-5i in this region was not available for
comparison. The indirect transitions appear to mask out the subgap absorption resulting from
defects in the gap of the disordered grain boundary regions. The latter would be comparable
to values found in defect rich a-Si:H and would have a profile corresponding 10 that of the
undoped specimen shified upward by about an order of magnitude in the energy range between
1 and 1.5 eV. Considering the close resemblance of the absorption property of the undoped
pc-5i:H with poly-5i in the high energy range, and with ¢-Si in the low energy range it would
be of interest  to study photoluminescence on pc-SitH and poly-Si. This could probably be
useful, in combination with Raman scattering measurements, to identify the proportion of
photo-luminescent and non-photoluminescent amorphons tissnes in both these materials.

The increase of absorption in the low energy range is much more pronounced in the case of
doped films where, in fact, it tends to remain very high and even increases somewhat at very
low energies. Such a pronounced increase has been explained by the collective excitation of
free carriers originating from the doping effect, within the conduction or valence band
[Mishima, 19€0; Finger, 1991]. This increase is also accompanied by a decrease in the IR
transmission for such doped films. This is observed in figure 4.12 and 4.13 where the optical
absorption and the corresponding IR transmission curves are plotted for the highly doped n-
type series (no. 2) and the p-type series (no.3), respectively,
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The increase of absorption at low energy also correlates nicely with increase in conductivity
which is expected to be due to an increase in the number of free carriers. Free carrier absarption
is well known from doped crystalline semiconductors [Spitzer, 1957], and has also been used
as an explanation of earlier studies of pc-5i:H [M. Stutzmann, 1989] and poly-Si [Mishima,
1980, Lubberts, 1981). In those studies the Drude theory for free carriers was applied to the
IR absorption or reflection spectra o determine the conductivity or mability and free carrier
density. This is done from a plot of 1/a vs 1/A2 using the absorption coefficient aear the
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plasma edge [Mishima, 1980]. This mode! has also been applied to some of the specimens
presented in figure 4.12 [Finger, 1991]. Here we recapitulate the essential resulis very briefly.
A quantitative evaluation of the specimen deposited using 2.4% of silane and having a coplanar
electrical dark conductivity of 92 Sfem, yiclds unrealistic values of ©, 1 and N. One obtains
0=360 S/cm, u=76 cm#/Vs and N =3x101% ¢m-3, Carrier concentrations of about 1020 ¢rn-2
have been reported from Hall measurements for highly conductive {¢=20 S/cm) pec-Si:H
prepared at 40 MHz using comparable doping levels [Spear, 1983). The maximum Hall
mobility in such films, having an activation energy less than 40 meV, is repornted to be close to
2 em?/Vs [Le Comber, 1983], In comparison, in our results the values of ¢ and it seem too
high, whereas the value of the carrier concentration N appears 100 low. As seen from this wide
discrepancy, a simple usc of the Drude theory is therefore inadequate. Similar conclusions are
also reached for poly-Si jLubberts,1981]. It is surprising that below 1500 cm-! the
transmission also increases with an increase in the IR reflection coefficient, although one
would expect it 10 decrease since the absorption is expected to increase. Besides, as 1he higher
values of o and {1 obtained from 1he above analysis corresponds more closely 10 that observed
in c-8i [Sze, 19817 it is likely that it reflects the values of these parameters within the
crystallite itself, without the interaction of the charge carriers at the grain boundaries. We shall
later try some estimation of the carrier concentration to estimate the effect of dopant
segregation,

As mentioned before, in the case of a-§i:H the absorption coefficient drops steeply below a
photon energy of about 2 eV. Forcvaluating the optical gap, in the case of a-Si:H, the energy
at which the absorption coefficient has a value of 10% cor! (Egg) is often used. This value
marks an energy threshald below which the optical absarption is reduced by several orders of
magnitude due 10 a change in the nature of the transitions. 1n the ¢ase of doped pe-Si:H,
however, below this energy level, because of the contribntion from free carriers, the
absorption barely reduces by an order of magnitude. Therefore, it is meaningless 1o evaluate
Egs4 and use it as a parameter o compare 'optical gaps' which is commonly associaled with
transparency of the material. Attempts to deternine an “amorphous gap’ using Taucs modcl
(aE)2 vs E and a 'microcrystalline gap’ using «1/2 vs E, for pc-SizH, as suggested by
Hachicha [Hachicha, 1988] also do not lead to any conclusive resulis. No suitable fit is
obtained over large range as obtained for a-Si:H and therefore one cannot obizin an
unambiguous extrapolaied 'gap'. Recently some new results have emerged by fitting the
results of photo emission spectroscopy (PES) which are interpreted in terms of composit band
structure - onc having a ¢rystalline silicon like band and 1he other a wider gap resembling
amarphous silicon [Willeke, 1991]. Further investigation in this direction may lead to a berter
understanding of the 'encrgy gap'.
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IR Transmission

In figure 4.12b and 4.13b, besides the drop of the IR transmission changes in the features of
the absorption peaks are also observed. In amorphous films deposited at high silane
concentrations, the peak at 630 crv! is attribated to vibrational excitations of SiH, SiH and
SiHj bonds, The signatures sitnated at 850 ¢} and 850 co! are associated with dihydride
(=8iH2) and polyhydride ((=SiHz},) vibrational modes. These bonds also produce a
signature at 2100 cm-1, as seen from the assymetry of the 2000 cm*! peak, in these figures.
Finally the peak centred at 2000 ¢m! is attributed to the stretching vibrations of monohydrides
(Si-H). As the film grows microcrystalline, most of the signatures maintain their energetic
positions whereas their aroplitudes and symmnetry are modified. The signacure at 2000 cm-! is
asymmetric towards or completely shifted to 2100 cm-l. This is attributed to §iHj and
(SiHz), or Si-H vibrational modes [Tsai, 1988a &b). These groups are mainly sitnated at
the surfaces of the crystallites and in the disordered tissue forming the grain boundaries, as
only very small amoant of hydrogen can be expected within the crystallites [Johnson, 1991).
In the very highly conductive films, the 2100 cm1 peak is almost imperceptible due to the shift
of the base line, Note that the asymmetry of the 630 crr! peak is an artifact resolting from
the slope of the background signal. Upon correction, the peak reappears symmetric. The
hiydrogen concentration measured by hydrogen evolution and elastic recoil detection analysis
(ERDA) is typically about 5to 7 at% in our pc-5i:H specimens [Finger, 1991]. Most of this
hydrogen is expected 10 be sitnated at the grain boundaries, passivating defects or even

dopanis.
i ton i ncentration

The dopant incorporation within the films is plotted in figure 4.14. In all cases, the dopant
incorporation is lower in films deposited using lower silane concentration which resulted in
Me-Si:H and higher in the a-Si-H prepared at higher silane concentration. This tendenecy is
particularly pronounced in the p-type series where the boron concentration increases by almosi
a factor five as the film morphology changes from microcrystalline to amorphous. In spite of
a higher dopant incorporation the conductivities are significantly lower in the latier case due to
a completely different doping mechanism. It is known that in a-Si:H most dopants tend to
remain unionised by three fold coordination, and not contribute any free carriers [Street,
1585]. Besides, a correlation exists with the density of defects in the gap and the shift of the
Fermi level caused by the active dopants [Street, 1985]. This is seen by the higher value of
o2 in the doped a-Si:H as compared 10 the undoped one (Pierz, 19911,
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Figure 4.14 Incorporated dopant concentration as a function of silane concentration.

In pe-8i:H, a significant amount of dopants are expected to be incorporated in the 4-fold
coordination within the crystallites, as found in ¢-8i. At this poini, however, itis nos clear
whether all the dopants in the Lc-S8i:H are ionised. One needs to know additional parameters
such as the mobility to determine the concentration of the active dopants which contribute free
carriers. It cannot be excluded that even in pe-Si:H, a centain amount of dopants segregate into
the disordered grain boundary zone and remain inactive. Such behaviour has been reported for
p-type ne-Si:H [Hamasaki, 1983). To obtain some information the carrier concentration has
been evaluated for the n-type serics 2, and the p-type series 3. The values of maobilities have
been selected as follows. For microcrystalline specimen, as the structure is found to be similar
to that of polysilicon a mobility of 10 cm2/Vs has been assumed. Drift mobilities ranging
between 10 and 50 cm?/Vs have been reported for n- and p-type polysilicon having grain sizes
greater than 1000 A and having high concentrations of dopants {Kamins, ch.5, 1988; Seto,
1675). Censidering that due to the smaller grains in our pc-Si;H carriers would encounter
more grain boundaries, we have selected the minimum valoe of maobility of 10 for our pe-Si:H
specimens, On the other hand, preliminary Hall measurements on the highly conductive n-type
ne-Si:H belonging to the doping series (no. 7) presented in the next chapter gives a Hall
mobility between 1 and 3 cm2/Vs [Dubois, 19911, So a mobility of 1 cm?/Vs has also been

used in our estimations.

For a-Si:H, free electron and hole mobility p of 10 and 1 em?/Vs, rcspéC!ively. have been
reported recently [Kocka, 1991]. The drift mobility Wp in a-8itH is related to the free
mobility by the relation [Tiedje, 1984],

KD = MxNfree/(Dfree + Dirap) (4.1
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Considering that most of the carriers generated from the active dopants are trapped in the
band tails or deep defects, and only 10 % of the generated carriers at most are free, the value
of 1 and 0.1 ¢cm?¥Vs have been considered for the drifi mobilities of electron and hole,
respectively, for our doped a-Si:H films.
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Figure 4.15 Variation of dopant and total carrier concentration in the films as a function
of silane concentration in (a) n-type series no. 2,, and (b) p-type series 3.

The concentration of the electron and holes for these films have been determined by
substituting the comresponding values of mobility and conductivity in the equation g=Nej.
The results are plotted in figure 4.15a and b for the n- and p-type series, respectively. For p=1
cm?/Vs the free carrier concentration coincides with the dopant concentration in good quality
He-Si:H obtained at the lowest silane concentrations, In less crystalling specimen obtained at
higher silane coucentration the carrier concentration is much lower than the dopant
concentration. This indicates that some of the dopants are not contributing any free carriers.
Two explanations are possible: 1) dopant segregation at the grain boundaries as the
incorporation of the dopants in the grain boundaries is energetically favourable [Fripp, 1975].
Dopant segregation and their inactivity within grain boundaries has been observed in
polycrystalline [Polyse 90, 1991]. Moreover, as in pc-Si:H the ratio of surface to volume of
the crystallites is increased due to the smaller crystallites, one can expect a more pronounced
effect of segregation than found in poly-Si. And 2) carrier loss due to trapping in states
situated at the grain boundaries, as found in poly-Si [Mandurah, 1980]. If one assumes p=10
em?/Vs, the difference in the carrier and dopant concentration is more pronounced than befare
and present even in the best pe-SiH films, The grain boundaries, which are influenced by the
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structural  propertics of the specimen, control the carrier trapping and dopant segregation.
These in turn define the transport properties such as the conductivity and mobility. At this point
it is not possible to obtain any conclusive information on the mobility or carrier concentration
in our specimens: both of them being inter related. Detailed studies of Hall measurements are
necessary for this.

In a-Si:H specimens, the free carrier concentration lies several orders of magnitude below the
total dopant concentration, It is four orders of magnitude lower than the phosphorus
concentration for the n-type series resulting from the poor doping efficiency observed in a-Si:H
due to the three-fold inactive incorporation of dopants. As can be expecied from 1he poor
condnctivity resuits, for the p-type a-Si:H specimen, the concentration of holes is extremely
low indicating the poor doping effect in these films.

4.3b Infloence of discharge power

Let us now look at the influence of discharge power for the three series described in table 4.2,
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Figure 4,16 Deposition rate as a function of discharge Power.

The deposition rates for the undoped (series no. 4), n-type (no.5) and p-type (no.6) series
are plotted in figure 4.16. In all the series they are comparable for a fixed discharge power,
For the p-type series, which is prepared vsing the largest power range and 1.6 % of silane, the
deposition rate increases monotonously and reaches a saturation around 2 A/s. This is possibly
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due to silane depletion within the plasma. A rough estimation considering a silane flow of 1.6
scem yields a deposition e of 4.5 Afs under the assumption that all the silane molecules are
consumed and contribute to the deposition on all the surfaces around the plasma zone. The
value of 2 A/s compares well with the above estimate, if one takes into account that due to the
accompanying high flux of hydrogen, all the silane molecules may not enter the plasma zone,
or may not have sufficient time 1o decompose. Thus, the prominent influence of the discharge
power is 10 influence the deposition rate undl depletion of the source gas occurs,

Dark conductivity

The dark conductivities of the three power series are represented in figure 4.17. The increase
of the discharge power dces not seem t¢ influence the undoped films. 1t maintains an almost
constant conductivity cormesponding to pc-SicH.
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Figure 4.17 Dark conductivity as a function of discharge power.

In the phosphorus doped series (no.5) the highest conductivity is obtained for the lowest
discharge power, Upen increasing the power from 23 to 188 mW/em? the conductivity drops
by almost an crder of magnitude suggesting a deterioration of the film property. Changes in
cither the crystalline structure or the doping effect could influence such a change in
conductivity. An increase of the disorder in the grain boundaries wonld increase the potential
barrier Ep, which the charge carriers have to overcome while crossing over the grain boundaries
and would therefore decrease their mobility. Alternatively, such an increase of disorder could
enhance dopant segregation, thus decreasing the total number of active dopants that contribute
free carrier. Both these effects would result in a Jower conductivity.
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The strongest influence of power on conductivity is found for p-type films (series 6). Initially
for 1he lowest discharge power it is very resistive comparable to doped a-Si:H. The
conductivity increases with power and reaches the highest conductivity of 22 S/cm ac 150
mW/cm?. Once again, for still higher powers, like in the n-type serics, the conductivity
dercriorates. The initial strong increase suggests a transition from an amorphous to
microcrystalline stecture, which is confirmed by structural measurements presented later. As
compared 10 phosphorus doping, boron doping critically influences the microcrystalline
formation. A minimum power threshold needs o be reached before microcrystalline formadon
can take place. In spite of the lower silane concentration this threshold is relatively high as
compared 1o the n-type series. This threshold also seems to be dependent on the doping level
since npon reducing the doping level to 0.4%, conductivity of 30 S/em is obined using half
the discharge power (75 mW/cm?) (see point o in figure 4,17),
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Figure 4.18 Influence of discharge power on the X-ray spectra of n-type series (no.5).

The deterioration of the film conductivity, at higher discharge powers, is also accompanied by
a strucrural modificadon as expected in the n-type series. Figure 4.18 shows how the crystailite
peaks are reduced and enlarged for increasing discharge power for the series 5 confirming the
deterioragon in the film structure. The average crystailite size 3 evaluated from the FWHM of
the <111> peak decreases from 160 to 104 Aasthe discharge power is increased from 23 to
188 mW/cm?2, This decrease results in an increase in the total grain boundary zone which
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surrounds the crysiallites. From this we can expect the crystalline volume fraction X also to

decrease.

In figure 4.19 the spectra for the p-type series are plotted. First the transition from amaorphous
to microcrystalline structure by the appearance of the <22(> peak indicating the preferential
origntation of the crysiailites can be noted. At still higher powers the deierioration of the
crystalline structure is clearly observed again by the reduction in the peak intensity, in
agreement with the conducdvity resnits.. A maximum crystallite size 3 of 160 A is cvaluated
from the <220> peak of the most conductive specimen prepared at 150 mW/cm?2. 1t decreases
at higher discharge powers and cannot be evaluated at lower discharge powers.
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Figure 4.19 Influence of discharge power on the X-ray spectraof p-type series (no.6).

This structural modification is also confirmed by Raman scattering. Figure 4.20a and b
illustrates the Raman resalts for the n and p-type series, respectively. For the a-type series
(figure a), the increase of the asymmetry of the crystalline peak from the increasing contribution
in the low wavenumbers is scen in the specimen deposited at higher discharge power. This
reflects an increasc in the grain boundary disorder which contributes to the amorphous-like
component . The crystalline volume fraction X decreases slightly from 86 %, in the law
power specimen, to 8¢ % in the high power one. The increase in the ratio of the surface ©
volume of the crystallites due fo the decrease in the crystallite size, mentioned before, can
explain this small increase in the grain boundary disorder.
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Figure 420 Raman spectra of (a) n-type series-5and (b) p-type series-6, showing
the influence of discharge power on the structure of the specimens.

In the p-type series (figure b), the amorphous struciure suspected at low power is confirmed
by the presence of a broad amorphous component centred at 480 cm! and the absence of any
erystalline signature. For the most conductive specimen deposited at 150 mW/cm2, a large
crystalline peak is obtained, though with some small contribution in the low wavenumbers.
The reduced peak intensity of the crysialline component and the increase in its asymmetry for
the film deposited at the highest power indicates a deterioration in the crystalline structure of
this film and supports the X-ray and conductivity resnlts. The erystalline volume fraction X,
decreases from 80 % to 65 % in the high power specimen. The deterioration of the film
crystallinity at high powers is therefore confirmed. It is suspected that this structural
deterioration can be induced by the high energy ions impinging onto the film growth surface,
These could for example introduce local dislocations during the film growth, thereby
cumulating more defects and grain boondaries in the material. Such structural modification is
also observed in the undoped specimens. However, as the conductivity remains unaffected in
this series, the decrease of conductivity in doped specimens cannot be explained merely from
an increase in the potential at the grain boundaries. As mentioned earlier, the decrease of
conductivity in doped specimens deposited using high discharge powers, could be related with
the doping mechanism. The increased disorder could enhance the dopant segregation at the
grain boundaries, thereby reducing the total number of free carriers participating in electrical
transport.
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The optical absorption for the 1 and p-type series are represented in figure 4.21. For the n-type
specimens (figure a) the absorption at high energies (E>2 ¢V) corresponds to that observed
previcusly for the pc-SitH. It is not influenced by the discharge power, since the stucture
does not undergo any transition from microcrystalline to amorphous phase. However, in the
low energy range, a decrease in the free carrier absorpion is observed at higher discharge
power. A sirnilar downward shift is also observed in the p-type series (figure b) as one goes
from the 150 to 380 mW/cm? specimens. The decrease of the free carrier absorption at higher
discharge powers provides an independent qualitative confirmation of the decrease in the total
number of active dopants within the crystallites. A correlation with the total density of dopants
incorporated in the material could provide some informationr on whether the decrease of free
carriers is due to an enhanced segregation of dopants to the grain boundaries or if the dopant
incorporation itself is influenced at high discharge powers.
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Figure 4.21 Optical absorption for (2} n-type series and (b p-type scries.

The absorption characteristics of the specimen obtained at 38 mW/cm? corresponds to that of
a doped amorphous silicon film, and confirms its amorphous structure. Its conduaetivity of
2x10-2 S/em suggests a better doping effect in this specimen, as compared to the conductivity
of 108 S/cm obtained in a poorly doped aroorphous specimen deposited at 4% of silane
concentration discussed in section 4.3a. The influence of this higher doping effect is also
observed in the higher value of ¢r 2 (350 cmr1). This reflects the increase of the subgap defect
density due to the shift of the Fermi level by doping [Street, 1985; Pierz, 19913.
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Figure 4.22 IR transmission resulis of p-type series (n0.6) showing the rise of the of the total
transmission with increasing disorder in the structural properties.

The shift in the low energy range is also observed in the IR transmission for the p-type series
(figure 4.22). Similar features as discussed in the previous IR results can also be noticed here.
The vertical shift downward of the ransmission can be observed as the film structure changes
from amorphous to microcrystalline and the contribution of the free carriers become significant.
Beyond the optimum discharge power of 150 mW/cm?2, the transmission rises, as expected
from the suspected decrease in the free carrier contribution, which explains their lower
conductivitics as well, Tt should be noted that although the transmission of the 380 mW/cm?2
sample is very close to that of the amorphous one prepared at 38 mW/cm2, the absorption
features are different. The 38 mW/cm? specimen exhibits a more pronounced peaks at 630 and
2000 wavenumbers corresponding to that of s-Si:H. The peak intensities in the
microcrystalline specimen is smaller suggesting a lower hydrogen content. Besides, the
contribution at 2100 cm! is more pronounced as compared to at 2000 cmrt. In the absence of
any absorption peak around 850 and 900 cny!. as observed in our case, it is attributed to the
presence of Si-H bonds on the crystallite surfaces [Beyer, 1985].

To verify how the higher discharge power influences the dopant and carrier concentrations in
these specimens, the dopant concentrations have been analysed by SIMS and the carrier
concentration is determined assuming a mobility of I em2/Vs in all pc-Si:H specimens and 0.1
cm2/Vs in p-type a-Si:H. The results are ploted in ﬁgu_re 4.23. The concentration of
phosphorus and clectrons ceincide in the mest conductive specimen obtained at the lowest
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discharge power. This is also observed in-the most condnctive p-type specimen obtained at 150
mW/em?2. While the phosphorus concentration decreases a little ai higher discharge powers, the
evaluated concentration of electrons decreases muich more rapidly. This tendency is even more
prenounced in the p-type series. While the boron cencentration remains almost constant over
the entire range of the discharge power, the concentration of holes decreases rapidly in the
high power range where the structural deterioration is observed. These results show that in
the n-type series, the dopant incorporation decreases at higher powers by a factor two whereas
the conductivity decreases by almost one order of magnitude. In the p-type series, the dopant
incorporation seems to be unaffected by the discharge power within experimental scatter while
the concentration of holes decreases by more than a factor 10. Two explanations are  possible
for the strong decrease of the estimated free carriers, observed in both the series, which lead to
a lower conductivity and a decrease in the low energy absorption. Either, as speculated
previously, the increased structural damage produced at high discharge powers leads to an
enhanced dopant segrepation at the grain boundaries and reduces the number of active dopants.
Or, due to the structural defects the mability is reduced strongly and the mobility values used
here for the high power specimens lead to a wrong evaluation. We suspeci that both play some

role.
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Figure 4.23 Influence of power on the dopant and carrier concentration for
{a) n-type and {b) p-type series,

It is even surprising that the incorporation of dopant in the low power p-type amorphous
specimen is similar to that obtained in pe-Si:H specimen prepared at higher powers. In the
previous section we had observed a much higher concentration of boron (6x1020 cm3) in the
amorphous.specimen prepare at 4% of silane and 150 mW/cm?. However, the doping effect
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seems to be higher in the present specimen as its conduetivity is much higher (2x10-2 §/em)
than of the poorly doped a-Si:H (o=10-8 $/cm)mentioned before. Boron incorporation in
inactive configuraticn appéars to be favourised at high discharge power. However, it has not
been possible 10 correlate this with any increase in the struciural disorder. The Raman spectra
does not indicate a higher bond angle distortions and the Urbach energy is about 80 meV,
comparable to that of moderately doped n-type a-Si:H specimen having a conductivity of
6x10-3 Sfern.

4.4 Discussion

The necessity of hydrogen, especially in atomic form for the growth of microcrystalline
silicon has been emphasized earlier [Ensslen, 1987; Tsai, 1987]). The kinetics of the formation
of pe-8i:H has been explained there as a combination of, on one hand, the deposition of
silicon atoms and Si-H radicals and on the other hand a selective erosion of unfavourable
bonds such as hydrogen or weakly bonded silicon atoms from the film growth surface. The
erosion is performed by chemical reactions between the growth surface and the atomic
hydrogen within the plasma. The total reaction is expressed by the following equation:

SiHn (plasma) <----—----—> Si (solid) + nH (plasma) @.1)

The forward reaction, here, describes the deposition process and the reverse reaction the
etching mechanism. The equilibrium condition satisfying the sufficiency of hydrogen by
which a balance is achieved between the deposition and etching mechanism .is refered to as the
partial chemical equilibrium (PCE) [Ensslen, 1987], This can be achieved by decreasing the
silane concentration in hydrogen, or increasing the discharge power so as to inerease the
atornic hydrogen by enhancing the dissociations of the reaction gases. The drawback of the
first method lies in the rather low deposition rates, typically less than 0.2 Afs reported for
discharge powers greater than 150 mW/em? using 13.56 MHz [Matsuds, 1987 and
references therein]. Some improvement on the deposition rate can be achieved by increasing
further the discharge power bt at the detriment of the film quality. Alternatively, a higher silane
concentradon has been used in combination with a higher discharge power to cbtain higher
deposition rates [Matsuda, 1987]. In all these cases the substrate temperature is higher than
250 °C.

The role of a higher substrate temperature is explained by the thermally activated diffusion of
the oncoming species on the film growth surface. In this process, the silicon radicals are able
to migrate over the hydrogen covered film surface and locate the existing free silicon bond to
form a covalent bond which continues the crystalline network [Matsuda,1989]). This thermally
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activated process is also accompanicd by the effusion of surplus hydrogen from the growth
sorface. The fact that, at 70 MHz guality pc-Si;H is obtained at substrate tlemperatures as low
as 150°C is quite atracdve. In fact, using similar process parameters (especially such low
discharge powers) we have obtained jie-5i:H films at substrate temperature of 60 °C [Prasad,
19912 and b]. The temperature has even been lowered down to room temperature by decreasing
the silane concentration further, Therefore, it is reasonable to say that, in VHF-GD, the high
dilution of hydrogen is sufficient to induce microcrystallinity and that additional migration of
the radicals due 10 a high snbstrate temperature does not seem necessary.  In general, one can
expect both to individually influence the film structure in the same manner. It is possible that
the energy released by the reactions occuring at the film growth surface may raise locally the
temperature of a few atomic layers at the growing surface, as claimed by Perrin [Perrin, 1991]
and favour structural relaxation defined as 'chemical annealing' [Shimizu, 1989]. The precise
mechanisms of the pc-8i:H film formation remains still an unsettled issue in this respect.

The deposition rates obtained at very low silane concentrations and low discharge powers, as
for example for the undoped and phosphorus doped serics, is still relatively high compared
with those reported at 13.56 MHz. A different plasma chemistry and the surface reactions
occuring at the higher discharge frequency (70 MHz) in our process could play an important
role in this. One way to explain wounld be that at 70 MHz, crystallite formation is enhanced as
compared to at 13.56 MHz and that the amount of disordered material needed to be etched
away is muoch smaller, Altematively, as tile film growth process is a balance of deposition and
etching, for obtaining quality uc-5i:H, one can expect that both the deposition and the etching
process should be relatively high 50 a5 to increase the growth rate while producing the quality
pc-8i:H material at these high growth rates. This rneans that along with the higher flux of
silicon radicals, we should be having a high flux of atomic hydrogen which performs the
ctching process gt the film growth surface. Previous results of high deposition rate using pure
silane [Curtins, 1987] is now explained by the higher dissociation rales of silane obtained in
a pure silane plasma at 70 MHz. Recent stodies of OES of pure silane plasma at 70 MHz
and 13.56 Mz, using constant discharge power within the plasma, has provided clear
evidence for this (Hollenstein, 1991]. Based on the former results and on the high growth
rates obtained for pc-8i:H, it is reasonable to expect that, as compared to 13.56 MHz-GD, a
higher dissociation of the silane and hydrogen is also achievedin the diluted silane plasma at
70 MHz. By dissociation we mean the decomposition of the source gas molecules into neutral
and fonised radicals and atoms by the plasma. However, no direct evidence is as yet available
for the diluted silane plasma to confirm this. Recently, a higher dissociations in diluted silane
plasma have been claimed for 144 MHz discharges [Oda, 1988] based on OES studies of
silane and hydrogen mixed plasmas. In our preliminary OES measurements of diluted silane
plasmas, we fail to find any correlation between the ratio of atomic hydrogen H* and SiH as
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claimed by Oda et al. A comparative stundy of diluted silane plasmas by OES at 13.56 MHz and
70 MHz under the same conditions should provide more infermation on this subject

A comparative study abont the elec.trical power mransfer efficiency, plasma potendal and self
bias has been performed for the two frequencies in a similar reactor for varying silane
concentrations and discharge powers [J.-L. Dorrier, 1990; K. Prasad, 1991a). The resuits
obtained using 2% silane concentration in hydrogen are plotied in figures 24, 25 and 26 as 2
function of input power density as measured on the power meter. Similar results are also
obtained a1 other low concentratons of silane used in the present work.

These results indicate that:
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Figure 24 Powet transfer efficiency imo the reactor a1 13.56 MHz and 70 MHz.
Figure 25 Self bias Vg, and peak to peak patential Vi, in 13.56 and 70 MHz-GD.

(1) At 70 MHz, the RF power transfer efficiency is higher than at 13.56 MHz by a factor two
for such low silane concentrations (fignre 4.24) even 2t power densities as low as 30
mW/cm2. The matio is even greater at higher power levels. In 13.56 MHz the transfer
cfficiency improves somewhat only at very high power levels, though it stll remains about a
factor two lower than ar 70 MHz,

(2) For a given input power, the self bias voliage is lower by almost a factor ten in 70

MHz-GD (figure 4.25). The peak to peak potendal is also much lower than in 13.56 MHz.
The increase of input power causes a strong increase in the potentials in 13.56 MHz, whereas
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at 70 MHz its influence is small in comparison. As the mean plasma potential <Vp> can be
expressed as 1/2(Vpp/2 + Vg) [Perrin, 1988}, in 70 MHz the plasma potential is much lower
than in 13.56 MHz.
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Figure 26 Cormparison of the sheath voltages developed at the cathode and anode
in (a) 13.56 MHz-GD and (b} 70 MHz-GD

(3) Finally, the difference of plasma and electrode potentials define the sheath potentials
that develop at the anode (grounded electrode) and the cathode (powered electrode). In 70 MHz

plasma,even for higher input powers, the anode sheath potential does not exceed 10 V and |
consequently the energy gained by the ions in crossing the sheath is low (figure 4.26b). In
comparison, at 13.56 MHz, the anode sheath potential is higher by a factor three for
comparable input powers (figure 4.26a). This would resnlt in a high energetic ion
bombardment at the film growth surface which will introduce structural damage. Note that the
increase of the sheath potential, neighbouring the cathode, is even more prononnced than the
anode sheath potential. This is aiso higher by almost a factor 10 in 13.56 MHz-GD as

compared to in 70 MHz-GD.

At 70 MHz, even at low discharge powers the snspected high dissociation of the reaction
gases could be achieved as a consequence of the higher power ransfer efficiéncy. 1t could
also be an outcome from changes in the plasma itself, such as the electron energy disuibution
function (EEDF). As the sheath potentials are low the film growth proceeds under a moderate
ion bombardment. This enhances the eiching process without introducing morphological
damage and favours crystallite nuclcations.  However, it is not clear how such a film
formation occurs at such low powers (23 mW/cm?2). Tt appears that, in 70 MHz-GD, even at
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such low discharge power levels, the plasma seems to generate the required amonnt of atomic
hydrogen so as to produce the partial chemical equilibrium in the vicinity of the film growth
surface. A different profile of the EEDF having a wider tail extending in the high energy
range can be one explanation. Investigations to determine the radical flux density at the
substrate and the ¢lectron energy distribution function (EEDF) are required to elucidaie this
issue. Nevertheless, these results indicate the technological advantage of VHE-GD over the
standard 13.56 MHz for the formation of pec-Si:H,

The resulting films are very similar 10 LPCVD polysilicon in structure, having smaller
crystallite sizes and intergrain mismatch forming the grain boundaries. No ¢clear evidence of the
prescnce of any amorphous tssue is obtained in this high quality pe-Si:H. The degradation
of the film properties at higher powers can be explained by the morphological damage
introduced by radiation damage from higher energy ions as the substrate/sheath potential
increases upon increasing the input power. The decrease of the crystallite size for increasing
ion bombardment by varying the substrate potential has been reported earlier [Matsuda 1983).
Although at higher discharge powers the sheath potentials do not indicate a strong increase, &
significant deterioration in structural and electrical properties is observed in our specimen.
Combination of both a higher ion flux density, assuming a high dissociation rate of hydragen,
and the higher sheath potential conld influence the structural roorphology. The poor electrical
properties arc estimated to be due to enhanced segregation of dopants at the grain boundaries,
where they remain inactive and carrier trapping. The latter will also decrease carrier mobility
due to an increase of potential at these grain boundaries [Le Comber, 1983],

Higher hydrogen dilution and discharge power are required for the farmation of
microcrystalline structure in boron doped series. Boron atoms scem to impede the formation of
pe-Si:H by forming amorphous structures. Therefore, a stronger etching process is required
for their elimination. The higher hydrogen dilution and discharge powers presumably generate
an increasing concentration of atomic hydrogen within the plasma which enhance the etching
proccss and favour crystallite nocleation. The threshold of power required for the
microcrystalline formation can be lowered by reducing the doping concentration, as the
harnpering behaviour of boron atoms for the formation of pe-Si:H is then reduced.

The influence of high power nsed for the formation of boron doped pc-8i:H is seen in the
TEM photograph. It provides evidence of strong columnar growth with long needle like
crystalline structures, which is not present in the phosphorus doped specimen. Such growth
is observed to result from a process resembling mare a physical vapour deposition (PVD)
instead of a chemical vapour deposition (CVD) [Tsai, 1987 and 1988a]. The former is
characterised by  a line of sight process with poar siep coverage, whereas the latter results in



a conformal step coverage with soft deposition. In comparison, the low power pec-Si:H
formation of the undoped and phosphorus doped specitnen appears to resembie CVD type, in
spite of the moderate etching process involved. ‘

Transport in pe-Si:H is understood 10 occur by percolation of free camriers between the
crystallites [Komuro, 1984). Since very litde of any amorphous tissue is observed, one can
expect that the potential fluctuation introduced by the grain boundary is very similar to that
observed in a polysilicon where conductivities of 200 S/cm for n-type material are obtained on
specimens deposited by thermal CVD at 600°C [Adams 1983]. Conductivitics of 166 S/cm is
also reported for p-type material prepared at 515 °C and containing around 1020 cm3 of boron
[Haji, 1989]. In the p-type material, besides the expected lower hole mability due to the higher
effective mass of holes, the lateral conductivity conld be poorer because of the increasing
surface regions of the grain boundaries around the cigar like crystallites. The transversal
conductivity can be expected to be different due to the structural anisotropy.

Conductivities as high as 130 S/cm and 30 S/cm are obtained in the n- and p-type samplcs
respectively at low silane coencentration. The highest conductvities reported, upto now, for
He-SiH, nsing simple capacitive or inductive GD, are 10 §/cm for the n-type [Usni, 1979] and
20 for the p-type specimen [Simon 1982]. The latter has been obiained using power densities
of 400 mW/cm? and substrate temperature higher than 300 °C. Films prepared at discharge
powers comparable to our’s result in amarphons morphology and poor conductivities.
Conductivity of 20 Sjcm has been reported in 40 MHz-GD for the n-type films [Spear, 1981].
These results have been obtained at higher substrate temperatures and discharge powers, and -
have deposition rates less than 0.2 A/s. Due to the latter limitation very often the thickness of
the specimen is less 2000 A, which may partly explain for the lower conductivities. However,
cven for such thin films, conductivities in our specimen is higher. More details on the influence
of film thickness will be reported in chapter 6. High conductivitics have been reported in pc-
Si:H deposited wsing magnetically confined plasmas but still they lie below those obtained in
the present work {Kausche,1989; Ray, 1989]. Comparison with these resnlts snggest the
favourable influence of high plasma excitation frequency for the formadon of pc-Si:H. Some
favourable influence of a higher excitation frequency can be seen at 40 MHz where improved
properties are obtained as compared to the 13.56 MHz [Spear, 1981]. Similarly, at 70 MHz
one obtains even better conductivity resnlts without any additional complications of magnetic
confinements. The preliminary results of mobility suggest that this is due to a higher carrier
concentration. '

From the above results one can draw a qualitative curve for the deposition parameter space
which favours microcrystaltine formation a¢ 70 MHz. This is illustrated in Figure 4.27. First,
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deposition of undoped and phosphorus doped films at a minimum power which guarantees
plasma stability at low silane concentration results in microcrystalline structure. To obtain
boron doped pc-SiH specimen the power threshold is shifted 10 higher powers. This shift
depends on the doping level, and would be higher for higher doping levels, While the range of
silane concentration which vields a microcrystalline structure is relatively large for the undoped
and phosphorus doped samples, it is narrowed down for the boron doping. This range is also
expected to depend on the doping level, and should enlarge for lower doping levels. Basing
oursglves on the information obtained from our results, on our present undersianding of the
microcrystalline process and on that reported by others, we extend the parameter space
qualitadvely. It can be expected that at higher silane concentrations, higher discharge power
would be required to compensate for the higher deposition rate by a higher etching rate to still
obtain yic-Si:H. On the other hand, beyond a certain cridcal silane concentration even at very
high discharge powers one would fail to reach a sufficiently hydrogen rich plasma to produce
the required etching effect. Instead, due to the resuldng high substrate/sheath potentials
significant structural damage by the ion bombardment will be caused within the film. This
would result ina damaged low quality a-Si:H. One may also reach amorphisation of a film,
which inidally is microcrystalline at low powess, by increasing the discharge power to very

high levels.
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Figure 4.27 Sketch of parametric space required for the formadon of pc-Si:H and a-Si:H.
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4.5 Conclosions

The technological advantage of the VHF-GD using 70 MHz as the plastna excitation frequency
over the standard 13.56 MHz has been demonstrated by the preparation and properties of
pe-5i:H. Due to the resuiting lower plasma and sheath potentials the high plasma excitation
frequency proves to be favourable for pc-Si:H formation.

Best quality pc-Si:H films are produced at silane concentrations of less than 4%. The p-type
films require a minimum power threshold for microcrystalline formation. Higher power
introduces structural defects and degrades film properties. Substrate temperatures of 150 to
200°C are sufficient for obtaining highly conductive material. High substrate temperatures
(>250°C) or power levels (>200 mW/cm?) are not necessary conditions in our VHF-GD,

Boron doping impedes the crystalline formation and requires a higher flux of hydrogen, and
higher power levels to aceentuate the eiching process that will eliminate the hampering boron
atoms. The resalting films present  strong columnar growth in form of needles with
preferential crystallite orientations in <220> direction. The structure of undoped and n-type
specimens resembles closely small grained polysilicon.

These highly conductive films ean find applications as conductive layers in deviees based on
a-5i:H, such as solar cells or detectors, or as contact layers in microelectronics. The possibility
to deposit them at a reasonably high rate at such low temperatures can be of interest in
microelectronics, where otherwise most of these processes are performed at temperatures
higher than 700°C. Such a possibility wonld reduce the problems incurring from  diffusion of
dopants when the devices are annealed at high temperatures. It would be useful 10 have higher
condnetivities and mobilities o make these layers more attractive for such applications.
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5. PHOSPHORUS AND BORON DOPING OF pe-SitH

5.1 Introduction

The optimum parameters required for the formation of good quality undoped and doped
He-SitH were identified in the previous chapter. There, in the case of doped series the gas
phase doping was maintained as constant. At high doping levels (0.1-1%) the electrical
conductivity is reported to be increasing with increasing doping [Spear, 1981]. At still
higher doping levels {> a few percent), however, one may produce alloying with the dopant
atoms which can influence the structural morphology such as amorphisation and alter the film
properties. With the interest of obtaining the most conductive films, and studying how the
doping with phosphorus and boron, using VHF-GD, influences film properties, a detailed
investigation of doping was carried out. The results are presented and discussed in this
chapter. The difference between the two types of doping is elucidated. Optimum doping level
necessary to cbtain the highest conductivity and the critical doping levels above which film
properties degrade, presumably due to alloying, are identified.

This study was performed on film having thicknesses around 0.5 pm. For application in
devices such as solar cells, one would require films having thicknesses between 100 and 500
A. This will be presented in the next chapter.

5.2  Deposition parameters

The deposition parameters which produced good quality ic-Si:H described in chapter 4, were
selected as starting point for the present study. Phosphine (PH3) and diborane (BaHg)
diluted to 500 ppm or 1000 ppm in hydrogen was used as the source gas for the n- and p-type
doping, respectively. The ratio of the amount of pure doping gas over silane was varied in the
range between 104 to 3x10-2 (0,01 to 3%). This range was selected based on the limitations
imposed by the gas concentration, flow meter ranges and the pumping system. Table 5.1,
gives the details of the deposition parameters.

Table 5.1 Deposition parameters for ‘doping' series:
no, type [Doping gas]/[SiH4]  [SiHg)/total] Ty Power Pressure

(%) (%) C°C)  (mW/ecm2)  {mbar)
. n 0.03 to 1.4 30 200 23 04
8. p 0.1 o 3.1 1.6 160 150 0.8
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5.3  Results
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Figure 5.1 Deposition rate as a function of gas phase doping.

The deposition rate as a function of the gas phase doping ratio is plotted in figure 5.1. The
depaosition rate remains constant at 0.6-0.7 Als for the n-type series, and is nat influenced by
doping in the entire doping range. On the other hand, the deposition rate increases with p-
type doping. This increase is accentuated for doping levels higher than 1%. Such increase in
the deposition ratc of pe-Si:H has been explained by the cataliytic effect of diborane which
scavenges hydrogen from the film growth surface [Perrin, 1989; Matsuda, 1991). Reactions
between the oncoming BHj radicals and the surface hydrogen is claimed 10 produce unstable
BHs. Consequently, the molecule breaks off liberating Ha and leaves behind two vacant sites
at the film growth surface. This vacancy increases the surface sticking coefficien and causes an
increase in the deposition rate. In contrast, both PH3 and PHs are claimed to be stable
molecules and therefore no increase in the deposition rate is expected upon phosphorus
doping. An increase in the deposition rate by a factor 2.5, with increase in doping in a
comparable doping range has also been reported for poaly-Si prepared by LPCVD at 680 °C
[Rai-Chudhuri, 1981]. This is explained by the catalytic role played by boron in the
decomposition of the oncoming silicon radicals.

As good quality pc-Si:H is understood to be obtained at lower deposition rates [Veprek, 1989}
the increase of the deposition rate, in the p-type series, may influence the film structure. At
lower deposition rates, the oncoming radicals have more time to locate & snitable vacant site to
continue crystallite growth. Up to now, in our results, the highest deposition rate yielding
uc-Si:H, at high powers, was 2 A/s, For the 3.1 % doping the deposition rate is 2.5 Afs. On
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the other hand no change is expected in the film structure from the constant deposition rate
observed for the n-type series.
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Figure 5.2 Dark conductivity as a function of gas phase doping.

The dark conductvity as a function of the doping level is plotted in figure 5.2, Ler us first
consider the n-type series. The dark conductivity increases monotonously by two orders of
magritude: from | S/cm to 100 S/cm, with activation energy decreasing from 50 to 15 meV,
respectively, when the gas phase doping ratio is also increased by about two orders of
magnitude: from 3x10-% to 1.4 %. It appears to reach an asymptote at 100 S/cm.
Conductivides upto 130 S/cm have also been reached at 2% of doping level using a lower
silane concentration of 2.3 %, This is the highest conductivity as yet reported for n-lype
pe-Si:H [Ray, 1989; Willeke, 1991]. The highest values of conductivity are obtained for
doping ratios between 1 and 2 %. The increase in conductivity suggests that it is directly
related to the doping level, either with the dopant concentration or dopant activation.

Figure 5.3 illustrates the concentration of phosphorus as measured by SIMS and the estimated
concentration of electrons. The latter is estimated assuming a mobility of 1 cm?/Vs measured
on our highly conductive n-type specimen jDubois, 1991]. The evaluated values are plotted
using open circles in figure 5.3. Hall mobilities ranging from 0.2 10 0.8 cm2/Vs have been
previously reported for pe-Si:H having crystallite sizes of 40-60 A [Spear, 1981], and 2
cm?/Vs for specimens having an activation energy of about 40 meV [Le Comber, 1983). The
mobility is expected to approach the value of 10 cm2/Vs as the barrier height Ep, decreascs {Le
Comber, 1983]. Although the valne of 1 cm2fVs compares well with the reported results, we
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wounld have expected it to lie berween 1 and 10 cm?/V's considering the high volume fraction of
crystallites in this material, its low activation energy and its quasi poly-Si like structure, as
dednced in chapter 4. As an exercise of comparison we also plot the carrier concentration
evaluated using a mobility of 10 cm?/Vs (dotted curve without data points in figure 5.3). In our
estimation of the free carriers we assume, based on the high conductivities, that ail the films
are microcrystalline. This is confirmed from the Raman scattering discussed later. We also
assume that the influence of film strucwre on the mobility may be neglected as all these
specimens have almost a constant volame fraction of crystallites. At higher doping levels,
while the mobility within the crystallites would decrease due to impurity scattering, the
mobility at the grain boundary would increase due o a decrease in the barrier height [Le
Comber, 1983]. It is, therefore, assumed that the two effects compensate each other and the
measured mobility remains constant.

1021

10%°

1019 :‘

o K=l

[ [electrons] /'u=10 (em?/Vs)

{P] and electrons concentration
in the films (em™)

]018 —th d aaaal A en 2 aaaaal N P
104 102 102 10!

(PH,] / [SiH, ]
Figure 5.3 Phosphorus and electron concentration in the films
as a function of the gas phase doping ratio.

The SIMS results (full circles) show that in the lower doping range one obtains an almost one
to one relation between the dopant concentration in the film and the doping rato. Phosphorus
incorporation increases from 3.9x10'% 1o 3.6x10%0 cm3 a5 the doping ratio increases from
3x104 1o 6x10-3, Beyond this doping level, the phosphorus concentration seems to  satarate
around 4 10 521020 ctn-3. A similar concentration is also measured in pe-SicH films doped at
2% of gas phase doping ratio using 2.3 % of silane concentration, yielding a conductivity of
115 10 130 S/em. Thus, this concentration appears 10 be the upper limit for the phosphorus
conceniration within such highly conductive yc-Si:H. Similar phosphorus concentration is
also reported by Kaya for 2 % doping levels [Kaya, 1984), although no saturation level is
observed in his resalts. Due to the systems limitations it was not possible to push the doping
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level still higher to see whether this would induce alloying and increase the phosphorus
concentration. The latter is observed 10 be higher by a factor 2 to 3 in amorphous specimen
{see section 4.3), Concentrations as high as 3x102! cm3 is reported in a-Si:H [Kaya, 1984].

In comparison, the estimated free clectron concentration {open circles) is aimost an order of
magnitnde below the dopant concentration at the lowest doping level. It increases by almost
two orders of magnitnde, reflecting the conductivity resuhs, while the phosphorus
concentration increases from 3.9x1019 to 3.6x1020 cm-3. The increase is relatively small at a
doping level higher than 6x10-3 and equals the phosphorus concentration which remains aimost
ccnstant. The absence of one 16 one relation between the conductivity or free charge carrter
density and the dopant concenmration over a wide doping range has been previously observed
in doped poly-Si. Infiuence of both carrier rapping and dopam segregation at the grain
boundaries are held responsible for this behaviour [Mandurah, 1980]. As the structure of our
pe-Si:H appears to resemble closely that of small grained poly-Si, it is reasonable to expect
similar trapping and segregation behaviour. In our case, one may even expect a higher degree
of segregation t0 occur in the pe-Si:H, as the segregation is proportional 1o the volume density
of the grain boundary segregation sites. The latter is inversely properticnal to the crystallite size
[Mandurah, 1980]. Besides, passivation of dopants by hydrogen would also contribute to
render them inactive [Johnson, 1991; Stutzmann, 1989; Pankov, 1985]. Comparing the free
electron concentration estimated using p=1 cm?/Vs and the dopant concentration, some effect
of carrier rapping or dopant segregation seems to predominate, in our results, at lower doping
levels. The effect appears to be even more pronounced if one assumes a higher vaiue of
mobility as seen from the doned curve plotted using =10, However, at lower doping levels
the barrier height could increase due to a stronger charge depletion within the crystallites and
lead to a decrease in the mobility. This decrease in mobility would of course increase the
estimated free carrier concentration, It is not possible to separate the two microscopic effects,
of dopant segregation and carrier trapping, that result in the decrease of the free carrier
concentration, as they have identical macroscopic effect on the electrical transport.

The results of the boron doping studies are significantly different. The conductivity (figure
5.2) first increases, like in the n-type series and reaches a maximum of 20 S/cm for 0.4 and
0.9 % doping. Then, as the doping level increases further, it decreases rapidly. For the highest
doping level of 3.1 % in the gas phase, a conductivity of 1.1x10-5 S/cm, comresponding to that
of doped amerphous specimens, is reached. The amorphons structure of this specimen was
also confirmed by structural measurements and is discussed later. The optimum doping level
resuiting in the highest conductivity, for the p-type specimen, is lower as compared 10 the n-
type specimen, and lies between 0.4 and 0.9 %.
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The SIMS results (Figure 5.4) indicate that the boron incorporation is in the range of 5x1019
to 1620 ¢my3 in the low doping range. For doping levels higher chan 1% it increases beyond
102! cm3. Note that due to the charging effects in the 3.1 % doped resistive film, the
measurement of boron is underestimated. It could be higher by a factor 3 to 5[A. Eicke, 1991).
The high deposition rate resulting at the high doping level is thonght to be assoctated with
structural modifications such as an increase in the degree of disorder and even amorphisation of
the film structure. Such an increase in the structural disorder would allow a higher boron
incorporation beyond the solubility limit, as also observed in onr amorphous films. The
quasi-constant concentradon of boron obtained at doping levels Iower than 1 % differs from
that reported by Kaya [Kaya, 1984). There, a monotonous increase in the boron concentration,
upon doping, is reported using 13.56 MHz-GD.
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Figure 5.4 Boron and holes concentration as a funcdon of the gas phase doping ratio.
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The Lole concentration estimated using mobitity g of 1 and 10 em2/Vs for pe-Si:H and a p of
0.1 for the 8-5i:H specimen obtained at 3.1% of doping level is alse plotted in figure §.4.
Looking at the curve obtained using u=1 (open diamonds) the low hole cencentration found at
the lowest doping level can again be atwributed to the carrier trapping and for dopant
segregation at the grain boundaries as the specimen is confirmed to have good microcrysialline
structure. Influence of hydrogen passivation of dopants may also be present. At the optimum
doping levels the hole concentrations correspond to that of the incorporated boron. The small
difference observed at 0.4 % doping level is possibly due o & scatier. Alternatively, if the
mobility is assumed to be higher (10 em?/Vs) the estimated hole concentration would be
lower (see doned corve). This wonld imply that the effects of carrier rapping and/or dopant
segregation at the grain boundaries are present even at the epdmum doping tevel and they are
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even more pronounced at other doping levels. Some evidence of possible higher mobilities
will be presented in the discossion.

Beyond a 1% doping level, the hole coacentration drops rapidly by several orders of
magnitude below the boron concentration. This sharp decrease can be explained by the
inactive three fold incorporation of boron within the amorphons structure of these specimens.
The low doping efficiency in a-Si:H is imposed by the compensation effect of the defect
creation with doping which pins the Fermi level away from the band edge, limiting the
number of free carriers [Street, 1985].

The highest conductivity of 20 S/cm obtained at 0.4 and 0.9 % of doping in the present
experiment is comparable to the highest as yet repornted for the boron doped pe-8i:H deposited
by glow-discharge [Simon, 1982]. Higher conductivities of upto 35 §/cm have been reached
using sophisticated magnetic confinements in a GD [Mori, 1981].
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Figure 5.5 Grazing angle X-ray spectra for the n-type series showing the change
in the crystallites peaks as a function of doping.

The grazing angle X-ray spectra for the pbosphorus doped series are plotted in figure 5.5,
The influence of doping on the structure is seen from the tendency of broadening of all the
crystalline peaks and the decrease of the peak intensity. This indicates a reduction in the
crystallite size. The average crystallite size d, evaluated from the FWHM of the <111> and
220> peaks, decreases slightly upon doping as compared 1o the nndoped specimen (top most
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curve). A further decrease in @ occurs at high doping levels of 1.4 102 %. Considering that a
maximum error on the evaluation is about 10 A, a tendency in the decrease the crystallite size
upon increasing doping is observed. The tendency of decrease in @ was seen in figure 4.5
when comparing the doped series with the undoped ones. Note that while the average grain
sizes @ evaluated from the 8-20 diffraction results are bigger, the error on the evaluation is
rather large due 10 the poor resolution of the system and the background noise. The present
results are more reliable due to the higher sensitivity of the grazing angle diffraction technique.
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Figure 5.6 X-Ray spectra for the boron doped series.

The preferential crystallite orientation resnlting from the boron doping is reconfirmed from the
08-26 X-ray diffraction spectra of the p-type series (figure 5.6). The change in the crystalline
structure is observed from the change in (220) peak. The (220) peak reaches a maximum
intensity for the doping level of 0.4 %, which represents a rather large crystallite size of 320
A. At higher or lower doping levels of 0.1 % and 0.9 %, the peak decreases, implying a
decrease in the crystallite size 0. All the peaks disappear totally for the specimen doped at
1.2 % for which we had a high deposition rate, a high dopant incorporation and lower
conductivity. This snggest that the structure is less crystalline dite to the increasing boron
incorporation which possibly inhibits the crystallite formation. Due to high resistivity and the
decreasing crystalline trend we assume that the specimen doped at 3.1% is amarphous which
was confirmed by Raman scattering. :
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The high resolution TEM photograph (figure 4.10) of the specimen doped at 0.4% shows
strong evidence of columnar growth with crystallites in the form of long needles extending
ventically from the substrate upto the top of the film. This geometry suggests that the struciure
is inhomogeneons and one may expect anisotropic properties in the material. This is in contrast
to the n-type material doped at 2 % which exhibits a more homogeneous crystalline structere
within the film, It is likely that X-ray evalvation tends to give an average value of d. As
mentioned before, the anisotropic structural property could result in  an anisotropy in its
electrical property. For example, the conductivities may be different and possibly higher
perpendicular to the film surface than parallel to it. The corious amorphous zone seen at the
substrate/film interface was identified as part of the substrate and was discussed in detail in the
previous chapter.
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Figure 5.7 (a) Raman spectra of boron doped specimens and
(b) Crystalline volume fraction X¢ as a function of doping level.

The change in structure in the p-type series is also clearly observed in the Raman scattering
results (figure 5.7a). As the doping level is increased, first the increase of the degree of
disorder is seen from the broadening of the crystalline peak and an increase in the amorphous
component. For the last specimen, doped at 3.1%, the purely amorphous structure is
confirmed as was expected from its conductivity and the trend of the X-ray results. The
evalvated crystallite volume fraction X, is plotted in figure 5.7b. The highest X, is obtained
for the least doped specimen and it decreases at doping level. Finally the highest doping level
seems to induce a microcrystalline to amorphous transition.  Therefore, boron doping is
suspected to have a strong influence on the structural morphology of the film to the extent of
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inducing microcrystalline to amorphous transition at very high doping levels [Makino, 1981).
In comparison, phosphorus doping seems to have only small influences on the crysiallite size
d and none on the crystalline volume fraction X, of the film. The results of n-1ype doping
show no change in the Raman spectra and X, is more or less constant over the entire doping
range (figure 5.7b).

Opfical absorpti

Figure 5.8 illustrates the optical absorpiion characteristics for the phosphorus doped films.
Absorption data of an undoped c-Si, Mc-Si:H, and doped and undoped poly-Si
[Lubberts,1980] is also given for comparison. For the doped pe-5§i:H films the absorption
coefficient for photon energies higher than 2 eV does not scem (o be influenced by the
increasing doping level up to 1%. It is a liule higher for doping levels higher than 19 which
prodnce specimens with conductivities around 100 Sfem. Although one would expect this to
be due to some experimental scatter, it has been observed on all the highly conductive n and p-
type specimens. Such a vertical shift is also observed on specimens which increase in
conductivity upon annealing upto 300 °C. Upon annsaling the hydrogen conteni decreases
although no medification is observed in the structural properties. This can be explained by
depassivation of previously passivated dopants by annealing which lead to an enhancement of
the free carrier concentration. The hydrogen effusion may also leave behind a higher
discrdered structure in the grain boundary which is too small 1o be detected in structural
measurements, It is however noticed in the optical absorption as it enhances the non-direct
transitions, for photon energies greater than 2 ¢V. In spite of the fact that these defects would
also trap some carriers, the results indicate a net increase, after compensating the maps, in the
carricr concentration as observed from the rise in the subgap absorption,

The contribution from the non-direct transitions occuring at the grain bonndaries can be
deduced by comparing the absorption of LPCVD poly-Si and crystalline silicon. The
absorption for photon cnergies greater than 1.6 ¢V is higher in poly-5i. This increase can be
asscciated with grain boundaries effects. The still higher absorption observed in the pc-Si:H is
therefore attributed to the presence of a higher degree of disorder at the grain boundaries and/or
an increased proportion of the disordered tissue. Based on these assumptions, the still higher
absorption observed in the highly doped specimens appears to be the effect of high doping. In
section 4.3a {figure 4.8a) we had deduced an increase in the grain boundary disorder in doped
pe-Si:H films as compared 10 undoped ones. In the present absorption results, high doping
seems to deteriorate grain boundary structure, although the amount is small enough (o be
detected by Raman scattering. Decrease in the grain boundary passivation due to annealing
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effects possibly leads to similar structural changes, which would, in fact, increase the
concentration of the tapped carriers.
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Figure 5.8 Absorption characteristics for n-doped specimens as a function of doping.

In the low energy range (E<2 eV), the absorption increases with increasing doping (and
conductivity). In the previous chapter such an increase was attributed to free carier
absorption. Similar increase of free carrier absorption in the low energy range is also
observed in phosphorus doped poly-Si [Lubbens, 1980; Mishima, 1980]. Note that doping in
poly-Si, reporied by Lubbens, was performed by ion implantation at a rate of 1016 cm2, and
the carrier concentration is estimated 1o be about 3x1020 cm3,  This compares quite well with
the carrier concentration estimated in the pe-Si:H specimen prepared ata 064 10 14 %
doping level. In comnparison, the increase of absorption in the low energy range in doped
a-8i:H originates from defect creation in the band gap {Street, 1985). There, a correlation
exists between the Fermi level shift and defect creation such that, even for the most
conductive specitmen (6=10-2 Sfcm) having a minimum activation energy of 0.2 eV, the
absorption does not rise higher than 100 cm-! [Pierz, 1991]. For a qualitative estimation of
microcrystallinity we shall later present a plot relating the absorption coefficient o g ar 1.2 eV
and the film conductivity. Let us first look at the absorption in the p-type series.
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For the p-type scries, the optical absorption is plotted in figure 5.9. The data is separated into
two plots to make it easier to read. In fignre a, as in the case of n-type specimens and
comparing to the absorption characteristics of an nndoped Jic-8i:H, one can sec a strong
increase of the absorption coefficient for the law energy photons as the doping level is
increased from 0.1 to 0.9 %. We remind the reader that the microcrystalline structore of these
films was confirmed by X-ray and Raman scattering measurements. For photons having
energy greater than 2 eV, the absorption does not change and resemnbles that of undoped
pe-SizH, except for a slight npward shift observed in the most conductive specimen. This
behaviour is  similar to that observed in  the highly conductive n-type films which is
attributed to increased non-direct transitions occnring in the grain boundaries, and was
discussed eariier.
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Figure 5.9 Absorption characteristics of boron doped specimens as a function of doping.

In figure b, the absorption behaviour for the highly doped specimens is platted along with that
of doped and nndoped a-Si:H for comparison. As compared to the 0.9 % doped specimen, the
absorption of the specimen duped with 1.2 % of diborane is slightty higher fur E>2 ¢V and
lower for E<2 ¢V. The former indicates an increase in the amarphous tissue and the latter
suggests a decrease in the free carrier concentration. On the other hand, the highly doped
specimen (at 3.1%), which has a very low conductivity (1.5x10-5 S/cm) and pure zmorphous
structure, has a behaviour corresponding to that of & doped a-Si:H. However, the Urbach
slope is wider thzn that of the doped a-5i:H plotted for comparison. This increase could
possibly result from the influence of high powers used for the preparatian of this specimen.
Structural damage induced by the ion bombardment could enhance the morphological
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distortion in the film structure leading to wider band tails as compared to what is found in
optimised doped a-Si:H.

In figure 5.10 the absorption coefficient @12 of the smoothed curve ar an energy level of 1.2
eV is represented in relation to the dark conductivities for the two series. For the n-type series,
€12 appears to have an almost one to one dependence on the condnctivity. Results from
Raman scattering experiment confirmed a high and almost constant erystallite volume fraction
in the entire doping range. The one to one relaton between a2 and conductivity does nat
seem to apply so well to the p-type series. The observed wide scatter may be due to the
influence of increasing disorder in the film structure which was seen in the Raman and X-ray
results. A similar scatter is also observed for other n-type and p-type series presented in
chapter 4, which have a strong vanation in the struetural properties.
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Figure 5.10 Absorption @42 Vs ¢ in pe-Si:H indicating a linear relation between 017 and
the conductivity for the n-type series. A wide scatter is observed for the p-type series.

The IR wansmission correlates nicely with the absorption data with the transmission
decreasing for specimens having an increase in the low energy absorption. No additional new
information is further obtained from these plots.

To ensure that the increase in the absorption at low energy isin fact due to free carriers and
not due to any other effects such as light scattering from the inhomogeneous nature of the
yc-Si:H material a series of compensated samples, prepared using a discharge power of 75
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mW/cm?, have been investigated. Starting with the best p-type specimen doped at 0.4% and
having a conductivity of 30 S/cm, the ratio [PH3)/[B2Hg] has been increased from O to 8.
Figurc 5.11 shows the optical absorption spectra of three of these specimens: a pure p-type
(PH3/B2Hg=0), a fully compensated (PH3/BaHg=1.2}) and an over-compensated
(PH3/B2Hg=8) n-type specimen. The corresponding conductivities are indicated in brackets.
The microcrystalline structure of all these films is confirmed from Raman scattering and
indicates a crystalline volume fracton of about 80 %. This is not surprising since no
structural modification was observed by increasing the phosphorus concentration in the n-type
doping series.
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Figure 5.11 Optical absorption characteristics of p-type (#}, fully compensated (a)
and over compensated n-type (@) specimens,

Due to the absence of any significant modification in the film struciure the absorption for
energies greater than 2 ¢V undergoces little change for the three specimens. In the low energy
range, the absorption is high for the p-type and over-compensated n-type specimens, both of
which have a high conductivity, Whereas, in the fully compensated resistive film the
absorption is much lower and resembles that of an undoped jic-Si:H. The correlation
between the condnctivity resulting from the free carriers resulting from the net doping cffec
and the upward shift in the low energy absorption is clearly seen. For the fully compensated
specimen the net free carrier concentration is significantly reduced, resulting in low value of
abscrption in the low energy range.

The transmission in the IR also drops to low levels for the high conductive specimens and
exhibits a plasma edge in the reflection measurements [Finger, 1991]. Whereas, it is close to
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100 % for the fully compensated specimen [Finger, 1991].  These vertical shifts show that
we are essentially dealing with free carriers that are influencing the absorption in the low
energy range and  influences of light scattering are not the dominant effects. Some
contribution in absorption resulting from the effect of the shift of the Fermi leve] cannot be
excluded.

5.4  Discussion and conclusions

The results obtained in the present investigation indicate that in order to obtain high quality
pe-Si:H having high conductivity and high crystalline volume fraction, the doping level nceds
1o be optimised. This is less critical for phosphorus doping than it is for boron doping.

Very little change in the structure is observed for n-type doping, for the gas phase doping
range extending from 0.03% to 0.6 %, whereas conductivity and dopant incorporation
increase monotonously. Raman results hardly show any change in the crystalline voiume
fraction of the material over this broad doping range. Some increase in the grain boundary
disorder is suggested from the decrease in the crystallite size and the increase in the optical
absorption in the high energy range. A highest condnctivity of 130 S/em is obtained at
optimum doping levels between 1% and 2%.

Boron doping has a strong influence on the film properties. Two distinct doping regions are
identified. Below 195 of doping, the specimen are microcrystalline with a preferential <220>
orientation. For increasing doping from 0.1 % upto 1%, the increase in the deposition rate is
small, the dopant concentration is low and almost constant, and the conductivity increases.
In this region, atomic hydrogen seems to perform satisfactorily the necessary etching role for
the formation of pc-Si:H. In the process, it also eliminates most of the excess boron atoms that
would impede the crystallite growth. This results in low boron concentration and lower rise in
the deposition rate. However, one would expect a monotonous increase in the boron
concentration with the doping level. In fact, it is almost constant and is pot controlled by
doping.

For doping levels higher than 1%, a rapid increase in the deposition rate takes place. This is
accompanied by a degradation in the structural properties and suppression of crystallinity. This
also leads to an increase of the incorporated dopants and deterioration of the transport
properties, In this regime, the excess boron appears to resist hydrogen etching. This leads
to suppression of the microcrystalline nucleation and transition to amorphous strycture. This
is also accompanied by a strong increase in the deposition rate and boron incorporation. Based
on the catalytic role of boron [Perrin, 1989,; Matsuda, 1991], one can argue that at higher
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doping levels, the silane dissociation is enhanced in the plasma. This causes the growth
process to move away from the equilibrivm of depositon and etching, due to a swonger
deposition rate and results in an amorphous mortphology. It also enhances the concentration
of boron which can incorporate in 3-fold inactive configuration within the network [Street,
1985].

The p-type specimen has number of effects similar to those reported in p-1ype LPCVD poly-
silicon, namely: the increase in the deposidon rate, the preferential onientation of the
crystallites and the prominent columnar structure [Rai-Choudhury, 1973]. Amorphisation of
the film structure has been reported in poly-Si for boron concentration exceeding the solubility
limit [Makino, 1981]. High conductivities of 20 10 30 S/em have been reached at optimum
doping levels of 0.4 % and 0.9 %, the lower doping level is more favourable from structural
point of view.

The fact that every molecule of diborane (BaHg) in the plasma supplies two atoms of boron as
compared to one atom of phosphorus supplied by phosphine (PH3) is tempting to use as an
argoment 10 e¢xplain why the optimum doping level is almost twice as high in the n-type
doping than in the case of p-type doping. The higher discharge powers used for the p-type
series wonld also increase the dissociation rate of diborane and increase the concentration of
boron in the plasma. Systematic study to investigaie the gas phase reactions within the plasma
and at the film growth surface needs to be carried out to have a clearer idea on this issue. In
such a study one needs to consider the influence of discharge power as well. Based on the
microcrystalline to amorphous transition observed at high boron doping, it is suspecied that if
comparably high doping levels are used for n-type doping , i.c. 6 % as compared to 3 % in the
P-type case, then one may also degrade the film propertics or induce amorphisation of the film.
Some results in this direction are observed in the study of very thin films and will be presented
in the next chapter.

The increase of absorption in the low energy seems to correlate quite nicely with the increase
in film conductivity, for the n-type series, where the structural properties are not stongly
infleenced by doping. In p-type specimens the structural properties are influenced swongly by
increasing the doping level and have a complex influence on the dopant activation and carrier
transport. Similar influence is also observed in both type of specimens upon increasing
discharge power or silane concentration, Tt appears thai the relation between ¢ 5 and ¢ hold
true oaly so long as the structure is not modified significantly. Further investigation on the
influence of structural modification on the dopant activation and mobtlity may contribute to a
better understanding of the interaction between the optical absorption, conductivity and the
active dopant concentration. Technigues used to elucidate the microscopic behaviour in grain
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boundary of large grain polycrystalline silicon, as for example Electron Beam Induced Current
technique (EBIC) cannot be used on the microcrystalling material as it is impossible to identify
an individval grain boundary and scan across it. Other methods such as temperatare
dependence of conductivity and Hall mobility are therefore needed in the low temperature
range (70 to 400 K) to improve our understanding of the grain boundary behaviour it these
pe-SiH material.

Both, carrier wrapping and dopant segregation at the grain boundaries, as also abserved in paly-
Si, are suspected to be at the origin of the absence of one to one relation between the dopant
incorporation and estimated free carrier concentration determined nsing the preliminary result
of u=1. Hydrogen passivation of dopanis is an additional effect that is present in these glow-
discharge deposited samples. Aunealing studies to temperatures vpto 320 °C has provided
evidence of effusion of hydrogen accompanied by an increase in the film conductivity and
subgap absorption. These effects are explained based on depassivation of previously
passivated dopants [Finger, 1991; Prasad, 1991]. Similar effects are also observed in
crystalline silicon [Pankove,1985; Stutzmann, 1991]). A similar preliminary  study of
annealing to 250 °C of the 0.4 % doped p-type specimen indicates that its conductivity
increases from 20 S/cm to 95 S/cm (by a factor 5) while its hydrogen content decreases from 6
at% to less than 1 at%. However, no alteration is observed in its structure (TEM and X-ray).
Considering that all of its dopants (4x101% ¢m-3) are then activated provides a mability of
13 cm?/Vs. Hall mobility larger than 5 cm?2/Vs has been deduced on this specimen from Hall
measurements [Dubois, 1991]. Therefore, a mobility higher than 1 can be expected in this
material. Detailed studies on transport characteristics and annealing behaviaur should provide
more information in this direction.

Conductivities as high as 130 S/cm and 30 §/cm have been reached for n- and p-type
specimens, respectively at process eemperatures as low as 160°C.  1n comparison, the
conductivities of the in-situ doped LPCVD poly-silicon are 130 S/cm for n-type and 370
S/cm for p-type material prepared around 600 °C [Adams, 1983]. Though our results are
comparable for the n-type, clearly they are rather unsansfactory for the p-type.  Besides,
for applications in microelectronics the poly-Si layers are heat treated at temperatures beyond
1000 °C. This leads to an increased activation of dopants, an increase in the crystallite size
and consequently an increase in its conductivity and mobility. The present VHF-GD pc-Si:H
films could find some potential if tow temperature processing becomes necessary for
macroelectronics on large surfaces, such as glass, that do not rolerate high temperatures.
However, to make them competitive for device applications more work is required to increase
its conductivity and especially its mability comparable to that found in poly-Si.
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6. ULTRATHIN MICROCRYSTALLINE SILICON LAYERS FOR DEVICE
APPLICATIONS

6.1 Intreduction

Up to now, we have discussed the properties of pc-Si:H films having a thickness of around
5000 A. We have seen that the VHF-GD is a promising technology to produce highly
conductive pc-Si:H at rather low discharge powers and low substrate temperatures. This is
particularly interesting for applications in device processes since it eliminates two of the critical
limitations imposed by the empirical conditions required during the deposition of jic-5i:H
using 13.56 MHz, namely: (1) high discharge powers and (2) high substrate temperatures.
Both of these can contribute to damage the underlying layers by ion bombardmert or
thermally activated reactions. The favourable conditions of the VHF-GD process can be pat
to profit to integrate the highly conductive films as contact layers in microelectronics or as
source and drain regionsin thin film wansistors for large scale display drivers. They can also
be used to replace the doped a-8i:H layers which have conductivities lower by 3 to 4 orders
of magnimde [Willeke, 1991]. One application of special interest would be the simple p-i-n
structured amorphous silicon solar cell. On replacing the less conductive n and p layers by the
corresponding pe-Si:H layers one wounld, on one hand, reduce the series resistance and on the
other hand, due to a more pronounced shift of the Fermi level in these doped filims, increase
the Voe. Thus, one can expect to improve the total cell performance. Some applications of
n*+-pc-8i:H in solar cells have led to encouraging results {Uchida, 1981; Fischer, 1991].
Another interesting application would be the tandem solar cell where the n-p tunnel junction of
the pin-pin structure could be made more conductive. This too should lead to an improved
performance of the cell. However, as the absorption in pe-SitH ts much higher than in
a-Si:H for lower energies (E<2 eV) it needs to be considered even though uoltra thin layers
having thicknesses in the 100 10 250 A range are required in these applications.

The general problem encountered in such applications of pe-5i:H layers anises from their
rather limited thickness, less than 300 A, required for making n- and p-type layers. Soch thin
layers are observed to remain amorphous and highly resistive even though thicker films grow
microcrystalline and are highly conductive [Nakabeppu,1989]. This is also the case using
fluorinated gases which are more reactive and enhance the microcrystalline nucleation due
to the strong etching process from the flourine atoms [Ray, 1989]. It is also claimed, from
high resolution TEM micrographs of spuntered and 13.56 MHz glow discharge samples that
& minimum thickness of 300 A of disordered structure is nccessary for the nucleation of
crystallites to begin [Imura, 1984]. Therefore, it is of interest to see in how far the favourable
conditons of the VHF-GD process can be explored 1o produce nltra thin pe-Si:H. In this
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chapter we report our study on the inflnence of film thickness on the electrical propernies of
doped pc-Si:H layers, Simultaneonsly, the infivence of both phosphorus and boron doping on
the conductivity of ultra thin {250 A} films is also studied.

The evalvation of ulea thin films is connected with several limitations. Basically, doeio the
roughness of the surface of the glass substrate which can be in the range of 50 to 100 A,
measurements of films having thicknesses in the same range, are difficult. Besides the
determination of absorption at low energy range is not possible due to the low absorption
value. Absorption can be determined only for photons having energies greater than 2.5 eV for
which the absorption coefficient is high. X-ray and Raman technique also fail to produce
religble results for film thicknesses less than 500 A due to the strong contribution coming
from the glass snbstrate, masking the weak signat of the film. The penetration depth for the X-
rays in pe-SicH is about 20 pm and therefore the contribntion of the substrate is always
present in the resnlts from 0-20 diffraciometer [J. Baumann, 1991]. Grazing angle X-ray
would be a beiter tool for this purpose. In Raman scaitering the laser probes a depth of 1000 A
and in case of thin films, the contribution of surface oxide and substrate predominaie, making
quantitative evalvation very difficull fM. Schubert, 1991]. Besides, if the film is purely
amorphous it is not possible to distinguish the contribution of the amorphous network from
that of the glass. Therefore, conductivity is one of the few possible methods still valid for the
gvaluation of these films. This could also, in fact, be influenced by surface effects such as
contamination or band bending. The film thickness is delermined as before, i.e. by etching a
sicp and making a stylus profile across the step as described in section 3.1.

6.2 Deposition parameters

Table 6.1 Deposition parameters for the n-type thickness series:

no. [PH3}/ISiH4] [SiHa)Ttotal] T Power Pressure
(%) (%) (°C)  (mWfem?)  (mbar)
n-1 20 23 160 30 04
n-2 14 32 160 23 04
n-3 0.4-5.0 23 160 30 0.4

Five different series have been deposited 10 study the influence of film thickness on the
electrical properties of doped pe-Si:H. Table 6.1 and 6.2 give the deposition parameters of n-
and p-type series, respectively. The silane concentrations, discharge powers and substrate
temperatures are those found optimal from the previous results, The film thickness, in most
cases, has been varied between 100 and 5000 A for n-type and between 250 and 5000 A for
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p-type films. Series n-3 was deposited to study the influence of phasphorous doping on 250 A
thick layers,

Table 6.2 Deposition parameters for the p-type thickness series:
no. [B2Hg)/[SiH4] [SiH4)total] Tg Power Pressure

(%) (%) (°C) (mW/em?)  (mbar)
p-1 0.4 1.6 160 75 0.8
p-2 0.9 1.6 160 150 0.8
p-3 1.2 1.6 160 150 0.8

6.3 Results and discussions
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Figure 6.1. Infinence of fiim thickness on the electrical conductivity of n-type Lc-Si:H.

Let us first look at the n-type films. Two series of n-type films have been deposited using a
silane concentration of 2.3 and 3.2% in hydrogen and a gas phase doping ratio [PH3]/[SiH4]
of 2% and 1.4%, respectively. Figure 6.1 illustrates their conductivity as a function of film
thickness. The results indicate that the small changes in silane concentration at such high
doping levels have very Little influence on the film conductivity. The films deposited using a
lower silane concentration are not more conductive considering the measurement scatter. In
both cases, while the bulk conductivity is around 90 to 130 S/cm, the conductivity decreases
down to 5-20 S/cm for a thickness of 250 A and further down to 0.2 S/cm for an approximate
thickness of 100 A. The latter is still well above the range typically found for doped a-Si:H.
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For similar thicknesses of 100 A we have also obtained conductivities less than 1074 S/em,
characteristic of doped a-Si:H. As mentioned earlier, one of the reasons for this large
difference can be anributed to the problems associated with the measurement of the film
thickness. Post deposition surface or bulk contamination by impurities such as oxygen could
be another problem here. The films could also be amorphous in the beginning.

To invesdgate the influence of phosphorus doping on very thin films, a set of samples having
a thickness of 250 20 A as a function of doping was deposited (Table 1, series n-3). The
gas doping ratio was varied from 0.4 % to 5 %. The variation of conductivity with doping is
plotted in figure £.2. For comparison the results of conductivity as a function of doping for
thick films reported in the chapter 5 is also plotted. The conductivity of the thir films
increases with doping and reaches a maximum of 22 S/cn for a doping ratio of 1.7%. For
still higher doping level the conductivity appears to decrease rapidly. The increasing trend is
very similar to that observed in the case of 0.5 pm thick films and in both cases the highest
conductivities are obtained for doping levels beiween 1 and 2%. The strong decrease of
conductivity for the 5% doped specimen suggests some important modification in the film
structure or doping mechanism at such high doping levels. Although the conductivity is still
well above the amorphous threshold, its strong decrease suppors the suspicion deduced from
the results of chapter 5 that at very high phosphorus doping levels the films may degrade
and possibly even amorphise as previously observed in the p-1ype specimens.

102 D'[YPC B ‘a\a .
a -0
Ve
= d=5000A .~ '
rd
2 10 ’ :
]
o /Er
/a’ L] .
’ d=220%20 A '-.
10°t g . . 5
10 103 102 to!

(PH,] / [SiH,]

Figure 6.2 Conductivity as a function of doping for two film thicknesses.
The data of films with 5000 A is taken from figure 5.2.
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Best results are obtained in both cases for 2 doping ratio aronnd 1.5%. This amounts to a solid
phase phosphorus incorporation of less than 1% as measured by SIMS in thick films. As
compared to the properties of thick films, the reduction of the film thickness to 250 A leads to
the decrease of the conductivity by an order of magnitude. Possible explanations for this can
be: (1) surface cffects such as oxidation or band bendings whose contribution is usually
negligible while studying thicker films or (2) presence of some amorphous phase, or
incomplete coalescence of the crystallites in the first few tens of A which leads to an cffective
lower conductivity within that zone. For a better nnderstanding one would have to study the
film-substrate interface using TEM on very thin samples.
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Figure 6.3 Influence of film thickness on the conductivity of p-type films.

Three series of p-type pc-8i:H were deposited for varying gas phase ratio and discharge power
(Table 2), The first (no. p-1) was deposited using a doping ratio of 0.4 % and a discharge
power of 75 mW/em?2. Series p-2 and p-3 were deposited wsing doping ratio of 0.9 and 1.2 %
respectively, and a higher discharge powcr of 150 mW/cmZ. The conductivity results of the
three series are illustrated in figure 6.3. In all the three series, for thick films having
thicknesses greater than 2000 A, the conductivities lie in the range of 1 to 30 S/cm and the
films are microcrystalline in structure. In particular, the conductivities are identical for the
thickest films belonging to the first two series, although both the doping level and discharge are
rednced by a factor two in series p-1. 'With the decrease of the film thickness, the conductivity
decreases in all the cases. This decrease is most accentuated in the 1.2% doped series, where
the conductivity drops by several orders of magnitude for films having a thickness less than or
equal to 1000 A. In fact, such low conductivities resemble that of a poorly doped a-Si:H and
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suggest a possible change in the film structure. A similar trend in the decrease of conductivity
is also observed for the specimens belonging to the 0.9 % doped series. Here, the
conductivity begins to drop more significandy for a film thickness of 600 A, for which the
conductivity is just at the threshold of what is observed in doped a-Si:H. As data points are
missing for thinner films, it is difficult to know whether it would drop still further or it would
saturate at this level. In the series doped at 0.4%, the decrease in conductivity is monotonous
down 10 250 A and no drastic drop suggesting structural change is observed. In this case, still
relatively high conductivity of 0.2 S/cm is obtained for the 250 A thick film.

These results indicate that, an increase of doping ratio needs to be accompanied by an increase
of discharge power to obtain similar conductivity in thicker films. The results of thinner films
indicate that a higher doping level has a stong influence on the initial nucleation. For a
constant film thickness of 200 1o 250 A, the conductivity drops from 0.2 in specimen doped
at 0.4 % to less than 10-7 S/cm in the specimen doped at 1.2 %. The latter corresponds to a
poorly doped a-Si:H. In comparison, in films having a thickness of 5000 A (Figure 5.2) the
conductivity dropped just by about an‘erder of magnimnde when the doping was increased in
the same range. Besides comparing the 0.9% doped and 1.2% doped series, it appears that the
critical thickness below which the maerial is still resistive is higher at higher doping levels.
This sepports the previons conclusion that the high concentration of boron in the gas plasma
enhances amorphous structure formanon. This is particularly evident from series doped at
1.2%. The transition behaviour from amorphous 10 microcrystalling structure with increasing
film thickness, observed in this series can be understood as follows: Based on the impeding
behaviour of boron in crystallite formation, it is possible that in highly doped specimen, the
initial nucleation is mosily amorphous in structure. This results in the poor conductivity
observed in the thin films. With increasing film thickness, some crystallite nuclei formed
initially increase in size and voluroe, This would increase the crystalline volume fraction and
above the critical film thickness form a proper percolation path, as some crystallites touch each
other, 1esulting in the higher conducdvities obtained in thicker films.

Lowest doping level and discharge powers, used in our investigations, are most favourable to
obtain p-type ultra thin pe-Si:H. Lower doping level is therefore more favourable (o maintain
microcrystalline nature possibly from the inirdal nucleation as observed from the TEM
photograph. Doping levels lower than 0.4 % should be investigated to obtain highly
conductive films with thicknesses less than 250 A. A further reduction in the doping level,
possibly accoropanied with a lower discharge power could be more favounrable to obtain more
conductive ultra thin films. Such deposition conditions would result in a decrease of deposition
rate due to the decreased influence of boron doping and lower silane dissociation rate. A lower
deposition rate would favourise a better crystallite nucleation as is observed in the deposition of
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onr highly conductive n-type films, which have deposition rates of about 0.5 0 0.7 A/s (see
next section and section 5.3).

In previounsly presented highly conductive film, prepared using 0.4 % of doping and 150
mW/em?, the columnar structure is favourised from the very beginming as observed from high
resolution TEM micrograph presented in the previous chapter: the crystallites extend vertically
from the substrate surface to the top of the film surface. In the low power 250 A thick
specimen of series p-1 (figore 6.5} the colnmnar structure is less obvious. Rather, a more
homogeneons crystallite structure is observed as also reported for undoped and n-type
specimen (figure 4.10). The lower power used in this case appears to be more favourable in
producing a softer CVD like deposition [Tsai, 1988}. More on this TEM result will be
discussed in the next section,
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Figure 6.4. Film thickness as a function of deposition time for the series of table 6.1 and 6.2:
(@)n-1, (@)n-2, (a)p-1, (wp-3. Figure b shaws a blow np of the area close to the origin
indicating a small incubation time.

The film thickness for series n-1, n-2, p-1 and p-3, as a function of deposition time is plotted
in figure 6.4. Figure b shows a blow-up of the region close 10 the origin to bave a better idea
of the intercepts. The n-type series prepared at 2.4 and 3 % of silane intercept almost at the
origin indicating a negligible incubation time. The intercepts of the p-type series prepared at



1.6 % of silanc lics between 1 and 2 minutes. In comparison, Tsat et al. [Tsai, 1990] have
reported on an increase of the incubation time from 3 minotes for 3% silane concentration in
hydrogen to 15 minutes for a silane concentration of 1%. The incubation time observed in our
results is much shorter. This difference may be due to  higher growth rate obtained with
VHE-GD [Prasad, 1989]. The effect of the higher discharge frequency is to increase the
deposition rate while stll producing good gquality pe-SitH. As discussed in chapier 4, the
pe-Si:H film growth is, the balance between high deposition rate and a high ‘etching rate’
obtained in the hydrogen diluted silane plasma. The higher dissociation of hydrogen which
is suspeeted from the high deposition rate of VHE-GD which has been observed in  high
frequency plasma [Oda, 1988] as compared t0 13.56 MHz plasma can enhance the elimination
of disordered and strained network which also forms along with the crystallites. Thus the
initial disordered material is instantly etched away opening the way for a mare stable nuclei to
grow at the substrate. The predeposition hydrogen plasma could also possibly play a role in
preparing the surface of the substrate for the film growth,

In situ ellipsornewic smudics perfarmed during the initial growth of pc-8i:H layers deposited
using 13.56 MHz indicate that the initial growth of yte-Si:H consists of spatially separated
crystallite nucleation followed by the growth of inhomogeneous three phase material
consisting of amorphous, microcrystals and voids [Drevillon, 1987]. The poor electrical
properties of ultrathin films deposited at this frequency may be the resnlt of an incomplee
coalescence of the crystallites situated too far apart (>100 A) and the presence of a higher
degree of disordered or amorphous tissue forming the grain boundaries due to a less efficient
etching effect. Both of these wonld fail to form a lateral percolation path for the charged
carriers and lead to poor condnctivity.

Based on the linear correlation of the deposition time with the film thickness, observed from
film thickness as low as 100 A onward we conclude that in VHF-GD the deposition process
remains unchanged during the entire depositian process and that the initial growth itself is
rmicrocrystaliine. The high conductivity obtained for the n-type ulera thin films, supports our
hypothesis and snggests that the initiai nucleation is formed of a dense accumulation of
microcrystallites, with low degree of disorder in the grain boundaries, which even in nltra thin
films arc able to produce the percolation path for the charged carriers.

The TEM resnits showing the ¢-Si substrate-film interface of the n-type film (figure 4.9)
gives little indication of the presence of amorphons tissnes beyond the native oxyde of the ¢-8i.
It confirms random oniented and variable sized crystallite growth throughout the filrn thickness.
In the p-type specimen, the interface at the glass subswrate showed presence of a strange
amorphous zone having a thickness of about 250 A, as observed on thick p-type specimen
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amorphous zone at the interface is 250 A below the film surface.



presented in figure 4.10. In ultra thin film having a thickness of 250 A, a similar strange
amorphous structure is again observed at the interface (figure 6.5). However, as above this
zone the 250 A of polycrystalline film structure is clearly observed, it is conclnded that the
strange amorphous structure at the 'interface belongs to the glass substrate. Therefore, the
strange amorphous zone identified at the glass/film interface in figure 4.10 is also attributed
to the substrate. This strange transformation at the glass surface is suspected o originate from
some chemical reactions occuring during the high power (150 mW/cm?) hydrogen or argon
plasma used during the annealing process. Due to absence of data, it has not been possible 10
observe glass-film interface in & n-type specimen. More detailed investigation on the influence
of different plasmas on glass surface would be useful to improve our present understanding on
this issue. In both, n- and p-type specimens the crystalline structure growth is confirmed
from the very beginning of the nucleation process and extends uniformly till the top of the
film. Besides, 2 more homogeneous structure is obtained in the p-type specimen prepared at

low power.
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Figure 6.6 IR transmission of thickness series (no. n-1 and p-2).

Figure 6.6 illustrates the IR transmission data for n- and p-type films for increasing film
thickness. The basic trend is the decrease in the total transmission with increasing film
thickness (d) since the total transmission is proportional to exponential {-¢td). The interesting
feature though, of these ransmission data, is the broad absorption peak observed, in the
1000 10 1300 cm-1 range of wave numbers, for the n-lype samples (fig.6.6a) with
thicknesses less or equal 10 500 A. This indicates the presence of oxygch in the form of Si-O
which is understood to be situated within the voids and at the grain boundaries [Curtins,
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1986]. Interestingly, for thicker films, this broad peak due to the §i-O stretching vibration is
reduced or absent. A possible explanation can be the collapse of the initially formed voids
and/or a decrease in the voids formation due to the building of internal stress within the film
with increasing film thickness. The resulting compact film is less vuinerable to post deposition
oxygen incorporation.

In contrast to the n-type films, no oxygen incorporation has besn observed even in the very
thin, conducrive or resistive p-type pc-Si:H films. However, this effect is not understood
since a highly columnar structure, as observed for the p-type specimen, is expected to be more
porons as compared 1o the homogeneous structure observed for the n-type specimen.

It appears that under the deposition conditions favourising good quality pc-Si:H, initally the
structure appears to be porous in n-type specimens due to the moderate jon bombardment
resulting from the low substrate-plasma sheath potential. High discharge power results in a
stronger ion bombardmem due to an increase in the plasma-substrate sheath potential and
seem to yield a dense structure. The lower conductivities observed in such p-type films could
be due to the morphological damage introduced in the crystallite lattice by the high ion
bombardment, as reported in section 4.3b or simply the effect of a higher effective mass of the
holes.

6.4 Conclusions

Investigations of doping on film thickness reveal that beron doping plays an important role in
the formation of thin pc-8i:H. High concentration of boron enhances the growth of disordered
tissue that hinders crystalline growth, especially during the initial nucleation procaess. The
optimal doping level is 0.4 % at low discharge power. In contrast, Phosphorus doping is less
critical and best results are obtained at 1 to 2%. This difference could be due to the suspected
higher borou concentration in the plasma resulting from the higher discharge powers used to
crack diborane and that each diberane molecule conwibutes two atoms of boron. The
tendency of inactive boron to incorporate as B-B  bonds is another reason suspected of
reducing crystallisation at higher doping levels. Conductivities of 22 and 0.2 S/cmn are obtained
for n and p-type pc-Si:H films having a thickness of 250 A,

The short incubation time suggests a similarity between the initial nucleation and the rest of the

film growth. The higher dissociattion of gas suspected from the high deposition rates in the
VHE-GD is thought to be responsible for this.
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Low discharge powers used in the deposition of n-type pc-Si:H yields perous material, which
is vulnerable to oxygen intake. More compact material is obtained at high discharge powers
due to the increase in jon bombardment. It would be recommendable to increase slightly the
discharge power in the case of n-type specimen to make it more compact. To obtain beqer p-
type ultra thin films it is necessary to lower the doping level and discharge power so as to
reduce structural deformations and anisotropy.

The ability toobtain ultra thin u- and p-type high conductive pe-SizH films, using substrate
temperatures as low as 150°C and low discharge powers offers the possibility to integrate
such layers as tunnel junction in a tandem solar cell, or as contact layers in device fabrication
with reduced risk of introducing morphological damage in the under layers.
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7. GENERAL CONCLUSIONS

Using the VHF-GD at 70 MHz, good gnality nndoped and doped microcrystalline silicon is
obtained under very favourable cenditions of deposition i.e. low substrate temperature (150-
200°C)and low discharge power (25 to 75 mW/cm?). Even at the low silane concentrations
(<4%) used in our case the deposition rates are higher by a factor 310 5 than those reported for
13.56 MHz-GD. The conductivites are also higher than those reported earlier for the doped
specimens,

The very high frequency plasma is understood to be responsible for these results, A
hydrogen rich plasma is snspected to be produced from the high power transfer efficiency
and the high dissociation rate deduced from the high deposition rates. In combination with the
low plasma and substrate sheath.potentials, a high flux of hydrogen atom or ions with
moderate energy is developped at the film/plasma interface. These esiablish the required
equilibrium, between deposition and etching, which resolt in the formation of guality pc-Si-H.

Conducavities of 130 S/cm and 30 Sfcm have been obtained for Phosphorus and Boron doped
films, respectively, having a thickness of 0.5 um. The optimum doping is found to be 1-2%
in the case of n-type and around 0.4-0.9% for 1he p-type specimens. Little changes in the
structural properties are observed on increasing the gas phase doping ratio from 0.03 w0 2% for
the n-type, whereas with increasing boron doping the degree of crystallinity is reduced to
the extent of inducing amorphisation at high doping levels of 5 %. Possibly this is related to
the fact that each molecule of diborane supplies two boron atoms to the plasma as compared to
phosphine which snpplies only one, and the influence of higher discharge power used for the
p-type series. It ts possible that at comparable high doping levels which induced
amorphisation in the p-type specimens (6% of phosphine for the n-type case), the n-type
specimens wonld also become amorphous. Degradation of conductivity on doping at 5%
was observed in films having a thickness of 220 A.

Boron doping tends to inhibit crystalline formation and requires a higher flux of hydrogen than
required for the undoped and n-type material to compensate this effect. This is obiained by
decreasing the silane concentragon and raising the discharge power. The ontcome is a more
columnar structure with preferential crystallite orientation in the <220 direction. TEM results
of the optimised film indicates that the crystallites extend vertically in the form of needles
almost from the substrate to film interface up to the top of the film. Some ransformation of the
glass surface is observed at the film glass interface which is suspected to originate from some
reactions between the glass and the discharge plasma. Further investigation is necessary to
understand the influence of the plasmas on the glass surface, This 15 an important issue since
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the quality of the glass surface would influence the adhesion and the initial nucleation of the
film,

Phospharus doped specimens have crystallites in random oricntation as found in poly-Si
powder. TEM results of the highly conductive film show the crystallites’ size extending from
50 to more than 500 A and practically touching each ather, The grain boundaries are identificd
as consisting of crystallographic mismaich rather than containing any bulk disordered tissue.
Hardly 20 A thick amorphous tissue is observed at the ¢-Si substrate-film interface which can
be accounted for the native oxide of the ¢-8i. Similar film structure is observed between films
depasited on glass substrate and ¢-S3i substrates and also between undoped and n-type
specimens. These structures resemble poly-silicon material having smaller crysiallite sizes (50
10 500 A} instead of the classical picture of crystallites imbedded in an amorphous matrix.

The rise in the absorption for low energy photons, attributed to the free carrier absorption
correlates nicely with conductivity as long as the structural properties remain cormparable.
Stuctural disorder appears ta influence the dopant segregation and carrier wapping ar the grain
boundzries, as observed in poly-Si, and control the transport properties.

Conductivitics as high as 20 S/cm for the n-type and 0.2 S/fcm for the p-type have been
obtained in ultra thin films having thickness of 250 A. From these high conductivities and the
negligible incubation time, the film growth is deduced to be microcrystalline from the very
beginning. Such conductive layers, deposited at 150°C could be potential candidates for device
applications mentioned in chapter 1 [Kanicki, 1991]. For such applications the p-type layers
nced 1o be further optimised. Lowering of the doping  and discharge power levels are
expected 10 reduce the degree of disorder and strong columnar structure induced by doping
and high ion bombardment, respectively.

The present study indicates the technological advantage of the VHF-GD by producing more
conductive pc-Si:H films at higher deposition rates and under very favourable conditions. The
potentiality of the VHF-GD can be extended to grow epitaxial silicon as has been recently
carried own ar 13.56 MHz (Tsai, 1991}
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ANNEXE A

Cleaping_proceedure for glass substrates

Phase 1: Manual cleaning

Solution: Dilute Vizir and water

Brushing: Each substrate using a paint brush- to follow only one direction of movement
Rinsing: Each substrate individually with hot and then cold tap water

Rinsing: The whole lot in defonised water

Phase 2: Cleaning using wultrasonic baths

* Bath 1: Soludon of 0.5% DECONEX in deionised water
(60 ml of DECONEX in 121 of water)
Temperature: 70°C
Duration: 3 minutes with ultrasound

* Bath 2: Ordinary water
Temperature: room temperature
Duration: 10 minutes without ultrasound

* Bath 3: Deionised water
Temperature: rooin lEMperature
simply rinsing without ultrasound

* Bath 4: Solution of 0.5% TRULIT SmW in deionised water

Temperature: 60°C
Dyration 3 minutes with ulrasound

* Bath 5: Deionised water
Temperature: room temperature
Duration 10 minutes without nltrasound

Phase 3 : drying i
To take each substrate one by one, while leaving the others under deionised water flow,
Spray very pure Isopropyl Alcool and immediately dry it with nitrogen flow.

ANNEXE B
Cleaning procedure for Crystalline Silicon substrates
Phase 1: Cleaning wusing ultrasonic baths
* Bath {: solution of 10% DECONEX in dejonised water

Temperature: 650°C
Duration: 10 minutes with ultrasound

* Bath 2: Ordinary water
Temperature: room temperature
Duration; 10 minutes without ultrasound

* Bath 3: Deionised water

Temperature: room temperature
Duration: 10 minutes without wrasound
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* Bath 4: Deionised water
Temperawre: 40°C
Duration; 10 minutes without ultrasound

Phase 2 : drying
To take each substrate one by one, while leaving the others under deionised water flow,
Spray very pure Isopropyl Alcool and immediately dry it with nitrogen flow,

ANNEXE C

Cleaning procedure for Stainless steel parts:
substrate holder and RF elecirode plate

* Remove the silicon powder using paper tissues
* Dip the picces and screws for a few seconds in CP6 acid
{CP6= HNO3(50%) + HF (25%) + CH3COOH (25%)
-should not be stored in polyethylene bottles)
* Rinse them ordinary water for 10 to 15 minutes while frequently renewing the water
* Rinse in deionised water

* Heat the pieces in hot deionised water

* Dry the pieces using nitrogen (without prior rinsing with Isopropyl Alcool)
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