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ABSTRACT 

Boron and phosphorus doped high conductivity microcrystalline thin films were 
deposited in a PECVD reactor. We report conductivities as high as 3 and 41 S/cm for 
B and P doped materials respectively on films deposited at 210 °C. The conductivity 
as well as the microcrystalline fraction increase for the n layer with decreasing RF 
power, while, for the p material, an increase of power is needed to improve the film 
characteristics. The conductivity prefactor (a0) as well as the conductivity (a) itself as 
a function of the activation energy (Ea) show a slope inversion for both n and p 
materials at an activation energy of about 40 meV and 80 meV respectively. Different 
possible transport mechanisms are examined in order to explain die experimental data. 

INTRODUCTION 

Phosphorus or boron doped microcrystalline hydrogenated silicon (Si:H) thin films 
have achieved a noteworthy attention in the last years due to their high conductivity 
and the various possibilities of technological application, for example solar cells and 
other electronic devices [1]. Doped microcrystalline materials can be utilized as front 
and back contacts in p-i-n devices for photovoltaic applications; in this case the low 
activation energies can contribute to an increase in the built-in potential, while the 
high conductivity can reduce the series resistance in the devices. Finally, the grain 
structure would have an effect of texturization with enhanced light trapping effect and 
a possible increase of the total efficiency. 

Although high conductivity films (100 S/cm) have been obtained [2], questions are 
still open about the criteria for optimizing the deposition conditions in order to obtain 
as high a conductivity as possible. 

This work provides evidence of some differences among the optimal growth 
conditions for phosphorus or boron doped films. We have concentrated on preparation 
conditions which are compatible with the deposition parameters used in the process of 
fabrication of electronic devices. 

A detailed description is given of both electrical and structural properties of the 
films, with particular regard to the analysis of the conductivity properties. We also 
provide a possible interpretation of the temperature dependence of the conductivity. 

EXPERIMENTAL 

All die samples were deposited on Coming 7059 glass substrates in a 13.56 MHz 
capacitively coupled PECVD three chamber reactor. Dopant contamination has been 
avoided by depositing p+ and n+ samples in dedicated chambers. Details of the 
deposition system are described elsewhere [3]. Substrate temperature has been kept 
fixed at 210 *C. 

. .. Different values of pressures have been explored: as reported in [4], the highest 
'•• ' " ' values of conductivity are obtained at relatively low pressures. 
\ "'.:' Hydrogen diluted diborane (1% vol.) has been used for the preparation of boron 

doped films; differentgas flow ratios ana diborane concentrations have been explored. 
Microcrystalline films have been characterized measuring the conductivity as a 

function of temperature in the range 30° - 200° C to determine transport properties. 
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Silver contacts were evaporated under high vacuum; contact distance was varied from 
sample to sample, depending upon its room temperature conductivity, measured by the 
four probe technique; electric field was kept constant to about 200 V/cm in order to 
avoia field effects on the conductivity. All the samples were first annealed before 
measurement at 200 °C to ensure contact ohmicity between 0 and 100 Volts of applied 
voltage. No hysteresis phenomena have been observed. 

Raman spectroscopy, Scanning Electron Microscopy and X-Ray Diffraction have 
been used to obtain structural informations (see [3] for experimental details). 

RESULTS 

P doped films: Phosphine doping is a very efficient process, because phosphorus 
atom has a catalyst role in die formation of the microcrystalline phase due to the low 
dissociation energy. Therefore, mere is no critical value of the PH3/S1H4 ratio on the 
formation of men conductivity microcrystalline phase. Values of room temperature 
conductivity as nigh as 41 S/cm have been easily obtained with low deposition power 
(34 mW/cm2). Deposition conditions influence only marginally structural properties: 
Raman and XRD analysis reveal grain sizes ranging between 30 and 80 A with no 
preferential orientation, the largest average grain size was obtained at the lowest 

Sower. As a consequence, the room temperature conductivity varies in the 10 to 40 
/cm ranee. These grains are grouped in spherical clusters of sizes ranging between 

300 and 1100 A, as seen at SEM More details on phosphorus doped films can be 
found in [4]. 

B doped films: Formation of good quality boron doped films is a more complex 
task. Boron inhibits ine growth of high conductivity microcrystalline phase, because 
of the higher dissociation energy of boron molecule in B2H6, causing the presence of 
defects and stresses during the film growth. Therefore, B2H6 concentration in the 
discharge is a critical parameter: an increase in the diborane/silane ratio to more than 
2% does not lead to a change in the activation energy which saturates at a value of 
about 40 meV, indicating no further increase in doping, but the boron excess in the 
film tends to create defects, drastically reducing the conductivity. X-ray analysis for 
p+ materials show the presence of a randomly oriented phase with about 60 A grain 
size; for samples deposited at less than 60 W RF power, a strongly (110) oriented 
component exists and the films exhibit 250 A grain size. 
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Fig. 2. Growth rate is a linear function 
of RF power for B or P doped films. 

Fig.l. Thickness dependence of the cluster 
size for both n (O) and p films (•). 

Structure of p+ films is analogous to that of n+ materials, with grains grouped in 
clusters of ellipsoidal and spherical shape in the range 400 to 1100 A. Cluster size is 
strictly dependent on die thickness of die sample, as can be seen in Fig. 1, where all 



the deposition conditions were kept fixed. The trend is common for both n+ and p+ 
matenals, with a linear increase of cluster size with thickness and a tendency toward 
saturation at large thicknesses. 

Strong hydrogen dilution has been necessary in order to obtain pc film since the H 
concentration in the plasma for both types of film (n-r- and p+) exceeded 99%. It is 
well known mat the presence of etching molecules, such as hydrogen or helium in the 
plasma is in fact required in order to obtain microcrystallinity. Because of the 'etching' 

_[SJ action relatively, low growth rates are thus achieved, with, a linear dependence on 
the RF power as shown in Rg. 2. 

Fig. 3 shows die different behaviour of phosphorus or boron doped films with 
power. The properties of the n+ materials is little influenced by changes in die RF 
power, in the sense that high conductivity microcrystalline materials are always 
obtained, with only some difference on die grain size, m contrast, for p+ films there is 
a minimum critical power (20 Watt), under which there is an abrupt decrease of die 
conductivity. In fact, at low power, tfiere is not enough energy for B2H6 dissociation. 
By increasing die power, a saturation in die conductivity is only observed at more than 
40 W RF power. Critical is also die influence of pressure: 730 mTorr and 700 mTorr 
are die values for phosphorus and boron doped films that maximize conductivity. 
Pressures lower than reported make die discharge unstable, leading to poorer quality 
films. 
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Fig. 3. Room temperature conductivity for a) Phosphorus doped films: a low power 
and a pressure as low as possible are necessary to obtain hfgh conductivity films; 
b) for W o n doped films conductivity increases with power and saturates at about 
30 W. Data shown in b) are relative to films deposited at 700 mTorr pressure. 

DISCUSSION 

We now turn to die transport properties, particularly to experimental results of 
conductivity which shows an increase with T. Any interpretation of such a behaviour 
is very cumbersome, particularly due to die narrow temperature range investigated. It 
must be noted tiiat the jic material can be considered to be composed of crystallites 
embedded in an amorphous matrix: however, as the microcrystallinity fraction is 
beyond die percolation limit, die conduction pam is expected to be via die crystallites 
[4j. If one tries, as a first approximation, to describe the conductivity widi a single 
activated value on a Arrhemus plot, die activation energy is found in the range 25-30 
meV widi CRT from7 to41 S/cmfor n-type samples (fig. 4); ? i ^ ; ::Z^~ "- ~ . -

As already stated, due to the different behaviour of diborane against phosphine in 
die gas phi-se, we find diree sets of p films: die first one widi an activation energy in 
die range 40-50 meV and a conductivity in die range from 1 to 4 S/cm for die samples 
deposited in optimized power and doping conditions; a second group widi an 
activation er.ugy in die range 80-200 meV and ORX in die range 10"2 to 5*10^ S/cm; 
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the last one corresponding to typical amorphous doped materials obtained at lower (99 
%) hydrogen dilution (see fig. 4). 

Such Tow activation energies above room temperature have been reported in 
literature [11,12] for n-type samples; according to Hall effect measurements [13], this 
very low activation energy should be ascribed to a mobility bairier and correspond to a 
carrier concentration of about 102 0 or less, i.e. near the degeneration limit In this view 
the conductivity results .can-be explained with a .grain barrier Jimited transport _ 
mechanism with the crystallites not entirely depleted of carriers due to the high donor 
concentration, in spite of the limited grain size [14]. This is in agreement with the 
increase of conducnvity with grain size in otherwise similar samples [3,13]. 

For B doped samples there is no corresponding Hall effect data. However we can 
speculate that in tile same picture the higher activation energy and the corresponding 
lower room temperature conductivity of p-type u,c silicon is due to a lower doping 
efficiency of diborane in our deposition conditions. 

In this description of the conductivity data of microcrystalline samples, we can 
evidence the so called anti Meyer-Neldel rule [15]. It is well known that there is a 
relationship between the pre-exponential factor o« and the conductivity activation 
energy Eg : op=aoo exp(Ea/E0). Theoretical calculations [IS, 16] have shown that 
when a critical value of the activation energy is reached, there is a sudden inversion of 
the slope of Meyer-Neldel plot. We see that, (fig. 5) for both n and p-type data of this 
work, this anomalous behaviour occurs due to the very low activation energy obtained 
in our samples. 
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Fig. 4. Conductivity as a function of the activation energy for P and B-
dqped films: P data are: • from this work, • from [1], • from [5], • from 
[6J, • from [7], • from [8], • from [9]; B data are: O from this work, V 
from [6], -ft from [8], 0 from [10], + from [11]. Lines are only for visual 
aid. 

It is noteworthy to point out that the slope inversion occurs at an activation energy 
of about 40 and 80 meV for n and p samples respectively. An analogous slope 
variation, at the same energies, is in the GRJ VS. Ea dependence (fig. 4). The right side 
of the two curves represents the normal exponential dependence of a 0 and Ofcx oifthe 
activation energy, due to the Fermi level shift with doping. The change of slope in the 
left side means that the Fermi level lies in a rather flat density of states region, 
confirming that we are in a mobility activated regime. 

It has been shown [6] that the Meyer-Neldel rule of microcrystalline n and p 
samples is universal, leading to a symmetrical density of states for the two materials. 
This behaviour is also verified for the samples of this work with the exception of B 
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i doped samples with an activation energy greater than 80 meV. Anyway, we should 
remark that these samples are those in which B atoms are not in an electrically active 
configuration, but rather in a defective one. 

Beside all these considerations there is another one: the meaning of such low 
activation energies due to thermionic emission or to any thermally activated law is 
questionable at temperature beyond 300 K, because at this temperature the factor ICBT 
is of die same order if not greater than the activation energy. In contrast the 

~ ~ conductivity of the two samples we measured down to 200 K donot show any change 
in the slope. 

This can be reconciled if we suppose that P and B to a lesser extent, at high 
concentrations, create a donor and acceptor band respectively within the crystallite, la 
this case, the transport would proceed via hopping within this donor (acceptor) band 
and be characterized by the conductivity which can be fitted to the relation: 
a=aoexp(-(T/To)i'4). This relation is typical of the variable range hopping regime 
around the Fermi level In this, the low activation energy could be justified because 
the only energy involved is thermal. Moreover, in this framework, it is possible to 
obtain an estimate for N(Ef), the density of states at the Fermi level from the value of 
die slope T0 [2]. We obtain N(Ef) that ranges from 1020 to 1021 cnr3eV-l for n-type 
samples, and from 101" to 101? for p-type, confirming a less doping efficiency of 
boron. 
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Fig. 5. Conductivity prefactor a0
 a s a function of the activation 

energy for P and B-doped films: P data are: • from this work, * 
from [8], • from [11]; B data are: O from this work, it from [8]. 

^ Lines are only for visual aid. 

'1 
CONCLUSIONS 
High conductivity P and B doped microcrystalline Si:H films have been obtained in 
deposition conditions compatible with device fabrication. Two different transport 
mechanisms have been discussed in order to justify the conductivity data. Other 

-"---: possible interpretations could be in the framework of potential fluctuations theory,' * 
\ ' " T ? " such as a) within the valleys of the lower potential region, b) above the fluctuations, c) ' 
) hopping within the valleys. However different measurements such as thermopower 
-, and HaD effect are required. 
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