
Electrical transport properties of microcrystalline silicon grown
by plasma enhanced chemical vapor deposition

Nicola Pinto,a) Marco Ficcadenti, Lorenzo Morresi, and Roberto Murri
INFM-Dipartimento di Fisica, Università di Camerino, Via Madonna delle Carceri,
62032 Camerino, Italy

Giuseppina Ambrosone and Ubaldo Coscia
INFM-Dipartimento di Scienze Fisiche, Università di Napoli “Federico II”, Via Cintia,
80126 Napoli, Italy

(Received 24 May 2004; accepted 13 September 2004)

The dark conductivity and Hall mobility of hydrogenated silicon films deposited varying the silane
concentrationf =SiH4/ sSiH4+H2d in a conventional plasma enhanced chemical vapor deposition
system have been investigated as a function of temperature, taking into account their structural
properties. The electrical properties have been studied in terms of a structural two-phase model. A
clear transition from the electrical transport governed by a crystalline phase, in the range 1%ø f
ø3%, to that controlled by an amorphous phase, forf .3%, has been evidenced. Some metastable
effects of the dark conductivity have been noticed. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1812818]

I. INTRODUCTION

Hydrogenated microcrystalline silicon,mc-Si:H, was
prepared by plasma enhanced chemical vapor deposition
(PECVD) several years ago,1 but only recently it has been
used as an intrinsic layer for thin film solar cells and thin
film transistors.2,3 mc-Si:H material is usually grown start-
ing from silanesSiH4d highly diluted in hydrogensH2d. In
fact, a transition from amorphous to microcrystalline phase is
induced when the silane concentration,f =SiH4/ sSiH4+H2d,
is lower than 10%.4

The aim of this work was to investigate the electronic
transport properties of intrinsicmc-Si:H, because they play a
main role in any kind of electronic devices. In this paper we
present the results on the electrical characterization of a set
of films deposited in a conventional rf PECVD system vary-
ing the silane concentrationf. The dependence of the con-
ductivity on f was studied according to the observed clear
transition from microcrystalline to amorphous phase.

The Hall mobility was measured in films with higher
crystallinity degree.

II. EXPERIMENT

We deposited hydrogenated silicon films starting from a
gas mixture of silane and hydrogensSiH4+H2d in a high-
vacuum PECVD system,5,6 operating at a frequency of 13.56
MHz, with a constant rf power of 10 W(power density:
67 mW cm−2). The other deposition parameters are quoted in
Table I. The substrates were glass(Corning 7059) and
monocrystalline silicon wafers for optical, electrical, and
structural measurements.

The IR absorption s400–4000 cm−1d measurements
were performed by using a Perkin Elmer Spectrum 2000

Fourier transform infrared spectrophotometer to analyze the
bond structure of the films. X-ray diffraction(XRD) spectra,
measured in the grazing incident mode, were obtained by an
X-Pert-MPD (Philips) diffractometer using Cu-Ka radiation
to investigate the film structure. The patterns were acquired
by a q-2q goniometer mounted on the line shape radiation
and equipped with a monochromator, a programmable re-
ceiving slit, and a Xe-filled proportional detector. Crystallite
sizes were determined by a Debye-Scherrer formula.

The electrical conductivity was measured by means of
an electrometer(Keithley 617) in the V/ I configuration with
an input impedance greater than 1016 V. Two Au contacts(5
mm apart) were evaporated onto the outer surface of the
samples and thermally treated at 450 K for 1 h in vacuum, at
P,10−4 Pa. An ultrasonic welder soldered fine gold wires to
Au strips. The samples were inserted in a small furnace
evacuated to<10−4 Pa and a completely automatic system
was used to measure the conductivity and the Hall mobility
as a function of the temperatureT. The data acquisition
started only when the error on settled temperature was less
than ±0.5 K. When necessary, the measurements were done
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TABLE I. From left to right the quoted quantities aref =SiH4/ sSiH4+H2d
ratio; estimated thickness of the films; conductivity activation energies in the
high sEs1d and lowsEs2d temperature regions, respectively. Other deposition
parameters are kept constant: discharge pressure of 133 Pa and rf power of
10 W; substrate temperature of 350 °C.

Sample
f

s%d
Thickness

(µm)
Es1

smeVd
Es2

smeVd

397 1 0.40 46 148
402 2 0.75 40 126
401 3 0.95 38 141
400 4 0.70 204 635
399 5 0.80 206 590
396 6 0.95 163 592
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in two different but consecutive runs: the first one starting
from room temperature(RT) and going to high temperature
(heating) and the second one coming back to RT(cooling).
We always measured under slow heating or cooling condi-
tions: in fact, the temperature rate can be estimated to about
2310−2 K/s. Each point of the experimental conductivity
curves was computed by averaging at least 50 values.

Hall mobility was measured by using a standard van der
Pauw configuration with four Au contacts, prepared as pre-
viously said, at the corners of a square configuration. The
measurements were carried out using the same automatic ac-
quisition system as for conductivity measure.

III. RESULTS

A. X-ray characterization

Figure 1 presents the x-ray diffraction spectra of depos-
ited samples. Two distinct behaviors can be observed.

(a) For 1%ø f ø3% the spectra show two well-defined
peaks along[111] and [220] directions with a third one, but
less resolved, along the[311] one. These peaks state the for-
mation of a microcrystalline structure. Crystallite dimensions
of these samples range between 130 and 200 Å in[220]
direction and are almost constant to about 60 Å in the[111]
one.

(b) For f .3% a very flat bump replaces the peak along
the [111] direction, only for f =4% a small peak in[220]
direction is detectable, indicating a dominant presence of an
amorphous network in these samples. Thus, the increase inf
causes a transition from the microcrystalline to the amor-
phous phase. In the following, the films deposited atf
ø3% will be called microcrystalline and those deposited at
f .3% amorphous, according to the electrical behavior, dis-
cussed in the following section.

B. Electrical conductivity

Electronic transport measurements carried out on the de-
posited samples evidenced a clear dependence onf. This fact
can be explained in terms of a network structure change, as
indicated by XRD measurements.

For the whole set of films, the electrical conductivity as
a function ofT,ssTd, has been measured and heating-cooling
cycles have been repeated. In microcrystalline samples, the

ssTd curve obtained during a cooling run superimposes well
with that measured during the heating one: at the end of the
temperature cycle, all the experimental points practically lay
on the same curve(Fig. 2). On the contrary, in amorphou-
slike specimens, we observe a thermal hysteresis effect with
thessTd values, for the heating run, lower than those for the
cooling one. ThessTd hysteresis is open, i.e., RTssTd values
for the heating(starting point) and cooling(final point) sig-
nificantly differ from each other. Depending onf, this differ-
ence can be up to one order of magnitude. As an example, in
Fig. 3 a thermal cycle of sample 399 is reported.

Another experimental observation is the strong differ-
ence between the values ofssTd for microcrystalline and
amorphous samples. At room temperature,ssTd varies of
several orders of magnitude, being higher for microcrystal-
line specimenss.10−3 S cm−1d.

Some common features can be evidenced in allssTd
curves: the conductivity curves for microcrystalline and
amorphous films are roughly similar, decreasing continu-
ously as a function of 1/kT. Two regions can be identified at

FIG. 1. X-ray diffraction(XRD) spectra for Si films with differentf values.

FIG. 2. Electrical conductivity curves for microcrystalline samples as a
function ofT, all carried out in the heating run. Triangles, first measurement;
circles, second; squares, third.

FIG. 3. Electrical conductivity curves for amorphous samples. Triangles,
data collected during the heating run; circles, data for cooling run.
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high and low temperatures with very different activation en-
ergies,Es1 andEs2, respectively. For the investigated films,
we observed thatEs1,Es2. The mean activation energies
are quoted in Table I, computed on all the thermal cycles.
They are approximately constant in microcrystalline,Es1

<40 meV andEs2<140 meV, and in amorphous samples
Es1<190 meV andEs2<600 meV. The conductivities and
the activation energies seem to be characteristic for a doped
material. However, our samples are unintentionally doped
and any doping source cannot be evidenced inside the depo-
sition system. We think that these values are controlled by
the density of states distribution linked to microstructure of
the films and we will discuss later a possible model for these
activation energies.

C. Hall mobility

Hall mobility as a function of the temperaturemHsTd was
computed from Hall coefficient measurements, carried out in
the range 120–700 K. Figure 4 shows themHsTd curves for
two microcrystalline films. Their Hall coefficients are nega-
tive in the wholeT range(conduction due to electrons).

The twomHsTd curves show a near constant behavior at
temperature higher than<400 K for sample 401 and
<230 K for sample 402. At these temperaturesmHsTd
<7 cm2/V s for the sample 401, while increases to about
20 cm2/V s in the sample 402. At temperatures lower than
400 K or 230 K,mHsTd shows a temperature dependent be-
havior with activation energy of<100 meV and<35 meV
for sample 401 and 402, respectively. The highest measured
mHsTd values are about 300 cm2/V s at T<200 K for
sample 401 and<400 cm2/V s at T<120 K for film 402.

For amorphous films we were unable to measure any
reliable value formHsTd.

IV. DISCUSSION

Before starting the discussion on the electrical transport
properties, we have to remember some results on the hydro-
gen content,CH. Its values, evaluated from IR absorption
data,6 reflect the transition from a microcrystalline to an

amorphous network. In fact,CH remains constant to<2
at. % for 1%ø f ø3%. At this lastf value,CH starts to in-
crease attaining about 8 at. % whenf =6%. This increase of
CH can be explained taking into account that the density of
unsaturated bonds is higher in amorphous material than in
microcrystalline one.

Moreover, the microstructure factorR= I2100/ sI2000

+ I2100d was calculated by fitting the two experimental ab-
sorption IR peaks at 2000 cm−1 (vibrational modes of SiH
group) and 2100 cm−1 (vibrational modes of SiH2 group)
with two Gaussian shaped curves.7,8 This allowed computing
the integrated absorption areas,I2000 and I2100, after the de-
convolution procedure.

The microstructure factorR is plotted as a function off
in Fig. 5. The lowR values, forf .4%, are associated with a
high content of the monohydride group. An increase ofR
occurs for silane concentration below 4% when the films are
microcrystalline. Then the mode near 2100 cm−1 can be as-
sociated to the presence of hydrogen and silicon bonds on
grain boundaries.9 This distribution of the hydrogen can be a
possible explanation for the independence of the measured
conductivity from the direction of the temperature run(Fig.
2). In fact, we can exclude crystallization according to the
fact that the maximum value of the measured temperature
(700 K) is higher of deposition temperature(620 K), but
much lower than crystallization one(1100 K). The hydrogen
on the outer walls of the islands can move, but not escape
from the structure.

The samples used in this work differ from each other
only for the f value(Table I), all the other deposition param-
eters being constant. The microcrystalline-amorphous transi-
tion at f <3% can be linked to the physical-chemical pro-
cesses at and near the outer growing surface. In fact, the
deposition rater shows a rapidly increasing behavior withf,
leading to a progressively lack of ordering during the growth
as thef rises. r is <0.37 Å s−1 when f =1%, increases to
<0.85 Å s−1 for f =3% and then rises less rapidly going to
<1.3 Å s−1 when f =6%.

FIG. 4. Hall mobility as a function of the temperature for two microcrys-
talline specimens. Broken lines are only guides for eyes.

FIG. 5. Microstructure factorR vs silane concentrationf for all the inves-
tigated samples.
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A. Electrical conduction

As pointed out in the Results, all samples show an acti-
vation energy at high temperature,Es1, lower thanEs2, mea-
sured at low temperature.

This result can be explained in microcrystalline samples
in the framework of the so-called two-phase model.10 The
model assumes that crystalline islands(a phase) are embed-
ded in an interconnective tissue(the other phase). The pre-
vailing electrical conduction is controlled by a phase or the
other, according to the temperature and to the weight of each
phase. Plotting lnfssTdg vs 1/T (Arrenius plot), the curve
slope due to the tissue is always lower than that due to the
islands: the two curves cross at a temperature depending on
material and sample. Increasing the temperature, the prevail-
ing conduction channel can be first in the tissue and, at the
crossing point, it moves into the islands(upward kink).
When the situation is reversed, first islands and then tissue,
the kink is downward. The properties of each sample, and its
history, are crucial for the prevalence of a case on the other.

All our samples show a downward kink,Es1,Es2, with
a crossing temperature of<380–400 K. This result allows
stating that all specimens present a microcrystalline struc-
ture, even if not clearly evidenced by XRD. This means that
in the so-called amorphous samples, the tissue is the prevail-
ing phase, but even that the electrical transport is able to
evidence a more fine structure.

Plotting Es1 andEs2 as a function off (Fig. 6), we can
observe that both activation energies have the same behavior:
near constant up tof =3%, with a clear transition to the
higher values when 3%, f ,4%. This result allows affirm-
ing that the structural and morphological properties of the
two classes of films are largely homogeneous inside eachf
range.

In microcrystalline samples, according to the tempera-
ture range and toEs1 andEs2 values, the conduction is con-
trolled by transitions between defect levels inside the energy
gap and the conduction band. The sign of the Hall coefficient
supports this last affirmation. The mean depth of the two
defect bands, probably traps on the grain boundaries, is
<35 meV and<150 meV, respectively. Assuming that the

conduction current is controlled by thermionic emission,11

with an intensity of the lowest current,Io=10−9 A and T
=330 K, we obtain a barrier height of<170 meV, not far
from our measuredEs2 values. 150–200 meV are the value
quoted in the literature12 for a trap density less than
1016 m−2. Increasing trap density to about 331016 m−2, the
barrier height decreases to 30–35 meV. These trap levels can
be identified with nonsaturated bonds and/or structural de-
fects at the surface of the microcrystalline islands.

The presence of a high density of traps or defect levels at
grain boundaries, affecting the density of state distribution at
the Fermi level, seems to be in agreement with variable-
range hopping transport, exhibited at low temperature. In-
deed, on microcrystalline samples 401 and 402, a linear de-
pendence of lnfssTdg on T−1/4 is well evidenced below 230 K
(Fig. 7). Using our experimental data for activation energy at
low temperature,Es1 (about 40 meV for sample 401 and
402) and standard relations for variable hopping regime as
quoted in Mott’s classical book, we were able to evaluate a
density of state ranging between 1018–1019 eV−1 cm−3 at the
Fermi level.

The conductivity data for amorphous samples must be
interpreted in a different way. First, we have to remember the
strong difference between the values ofssTd for microcrys-
talline s>10−3–10−2 S cm−1d and amorphous samples
s>10−8–10−5 S cm−1d at RT. The difference in thessTd val-
ues maintains rather constant in the whole temperature range.
According to thessTd values for amorphous films, the con-
duction cannot be into extended states, but is among local-
ized states inside the mobility gap. In fact, in these samples
the optical gap, evaluated using the Tauc’s approach,
is <1.6 eV, being less for microcrystalline ones
s<1.3–1.4 eVd. As a second point, we can observe that, in
amorphous samples, the mean value ofEs1<190 meV is not
far from the average value ofEs2<140 meV, measured in
microcrystalline specimens(Table I). This result seems to
support our previous affirmation that the so-called amor-
phous specimens have a two-phase(islands and interconnec-
tive tissue) micronetwork. In this sense, the quoted activation
energies correspond to transitions from the same wide defect
band inside the energy gap. As previously, the defects can be
identified with trap states at the outer surface of islands.

FIG. 6. Conductivity activation energiesEs1 andEs2 plotted as a function of
silane concentration. Average values are quoted. Top axis shows the sample
number. Broken lines are only guides for eyes.

FIG. 7. Electrical conductivity plotted as a function ofT1/4 for samples 401
and 402. Continuous lines are best fits to the experimental data.
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The second activation energyEs2<600 meV can be at-
tributed to transitions from localized states in the center of
the energy gap towards localized states of the conduction
band tail.

B. Hall mobility

The RT value of mHsTd is about 25 cm2/V s and
50 cm2/V s for sample 402 and 401, respectively. The aver-
age grain dimensionsd computed by using the[220] diffrac-
tion peak(Fig. 1) is <200 Å for sample 401 and<130 Å for
sample 402. It is well known thatmHsTd depends ond, and
follows a linear behavior whend is higher than a critical
value.13 We plot the twomHsTd values as a function ofd
(Fig. 8), comparing them with other experimental results.13,14

As one can see, the agreement is very good, in this way
supporting the assumption about a real microstructure of the
films.

This result looks interesting for technological applica-
tions because the island dimensions can be controlled
through a suitable choice of the deposition conditions.

C. Thermal hysteresis of the electrical conductivity

This effect is shown only by amorphous specimens(Fig.
3) and it has been described in the result section. Similar
effects were found in amorphous silicon carbonsa-SiC:Hd
films below the crystallization temperature.15–17 Thermal
hysteresis is found even in case of multiple thermal cycles,
but with a possible gradual reduction of the effect. As in case
of a-SiC:H, we interpret this effect as due to rearrangements
of H atoms in the amorphous tissue, the crystalline islands
being much more stable. These metastability effects are well
known.18 They are studied, in general, measuring the change
of the time constant for the hydrogen evolution. In fact, the
conductivity is proportional to expfs−t /tdbg and a measure of
the time constantt and of theb exponent characterizes the
hydrogen evolution process, increasing by steps the anneal-
ing temperature. Limited hydrogen evolution and absence of
crystallization effects are demonstrated by the possibility to
repeat the cycle without significant changes in thessTd val-

ues. However, when the highest annealing temperature at the
end of the heating cycle is approaching the crystallization
limit,19 the activation energies of the conductivity tends to
decrease as a consequence of an evolution towards a more
stable network.

V. CONCLUSIONS

We found that electrical properties of PECVD deposited
silicon films strongly depend on the silane concentrationf.
The network structure of Si films is strongly affected by the
range of this critical parameter. Electrical conductivity mea-
surements as a function of temperature show two different
activation energies in all investigated films. These results can
be explained in the framework of the so-called two-phase
model. The electrical transport data analysis is able to evi-
dence microstructures also in the film with prevailing amor-
phous phase. Hall mobility at room temperature is linear
function of the average grain dimensions and assumes the
values of 50 cm2/V s for sample with the highest crystallin-
ity degree.

Some metastability effects of the conductivity can be
explained as due to the movement of hydrogen atoms inside
the amorphous phase and on the outer surface of the crystal-
line islands.

The control of the electrical properties by means off can
be usefully applied in the electronic devices fabrication.
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