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Abstract

The present chapter is devoted to the study of amorphous (a-Si:H), polymorphous (pm-
Si:H), and microcrystalline (μc-Si:H) silicon, deposited by the plasma-enhanced chemical
vapor deposition (PECVD) technique at low temperatures. We have studied the main
deposition parameters that have strong influence on the optical, electrical, and structur‐
al properties of the polymorphous and microcrystalline materials. Our results reveal the
key deposition conditions for obtained films with optical and electrical characteristics,
which are suitable for applications on thin-film solar cells and semiconductor devices.

Keywords: amorphous, polymorphous, microcrystalline, silicon, nanocrystals

1. Introduction

At the present time hydrogenated amorphous silicon (a-Si:H) is a mature material of the
microelectronics and photovoltaic industries. Its success is due to the compatibility with the
silicon CMOS technology, the possibility of doping (n or p type), the low substrate tempera‐
tures used (≤300°C) when is deposited by the plasma-enhanced chemical vapor deposition
(PECVD) technique, and the possibility to deposit it over very large substrate areas (>1 m2), such
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as glass, metal foils, or plastic flexible substrates. Thin-film transistors (TFTs), large-area thin-
film solar cells, and high-performance infrared (IR) cameras (based on microbolometer arrays)
among others are devices based on the a-Si:H technology.

However, despite the important characteristics of a-Si:H, it has several drawbacks, such as a
large density of defects, poor transport properties such as low carriers’ mobility, and poor
stability against radiation [1, 2], which limits its applications in new and high-performance
devices. In this aspect, there exists a constant study of the optimization of the deposition
conditions of a-Si:H films by the PECVD technique, in order to improve its performance
characteristics and to produce other materials with different structural, electrical, and optical
characteristics.

Recently, it has been demonstrated that it is possible to produce nanocrystals, of about 3–5 nm
of diameter, in the a-Si:H matrix, by modifying the deposition conditions of standard a-Si:H,
using the PECVD technique. The above material is commonly referred as polymorphous
silicon (pm-Si:H) [3–6]; the presence of nanocrystals distributed on the silicon amorphous
matrix reduces the density of states (DOS) and defects and improves the electrical properties,
as carriers’ mobility and stability of the films against radiation [3–6]. Moreover, pm-Si:H also
preserves the characteristics of a-Si:H as a direct band gap, high absorption coefficient, and
high activation energy (Ea).

Therefore pm-Si:H films can replace a-Si:H in devices as the intrinsic film in a-Si:H thin-film
solar cells. It has been reported that a-Si:H thin-film solar cells suffer from degradation due to
constant illumination (Staebler-Wronski effect, SWE [7]); therefore the initial solar cell
efficiency is reduced. As well it has been demonstrated that the use of pm-Si:H instead of a-
Si:H reduces the light-induced degradation [8].

On the other hand, also by modifying the silicon film deposition conditions using PECVD, it
is possible to increase the crystal sizes and the crystalline fraction of the silicon films and
therefore modifying not just the film structure but also the electro-optical characteristics, as
the absorption coefficient, the room temperature conductivity, the band gap, and Ea. Micro‐
crystalline silicon (μc-Si:H) is a silicon film where the sizes of the silicon crystals are much
more larger than in pm-Si:H films, with sizes in the order of dozens of nanometers, and the
overall crystalline fraction (XC) is large, and the electro-optical characteristics are different than
its a-Si:H/pm-Si:H counterpart.

The μc-Si:H thin films are suitable for various devices, such as TFTs, due their larger room
temperature conductivity and carrier mobility (compared to those of a-Si:H or pm-Si:H), which
are transduced in faster devices, as well the band gap and absorption coefficient are different
than those of a-Si:H, resulting in thin solar cells with larger IR absorption and more stable
against sun radiation. At the present time a-Si:H/μc-Si:H tandem solar cells (or also known as
micromorph solar cells) have been developed with stabilized efficiencies of about 12% [9].
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2. Plasma deposition

The a-Si:H films used in the industry are typically obtained by means of PECVD. The first work
on the deposition of a-Si:H material by silane glow discharge started in 1960s [10].

The standard PECVD system consists of a reactor of two parallel electrodes capacitively
coupled, separated at some distance. The substrate is placed in one of these electrodes, as is
shown in Figure 1. The most common RF is 13.56 MHz. In the PECVD reactor, silane (SiH4),
often diluted with other precursor gases (H2, Ar, etc.), is pumped at a certain flow rate. A
substrate for the film deposition is collocated in the chamber in the bottom electrode, and a RF
oscillating voltage is applied to the upper electrode of the chamber. Most of the surface
chemistry occurs due to the high-energy electron bombardment. The deposition process of
silicon-based films can be described as a main four-step process:

1. The primary reaction is made by the glow discharge, which results in electron-impact
excitation, dissociation, and ionization of the molecules. The plasma thus consists of
neutral radicals and molecules, positive and negative ions, and electrons.

2. Reactive neutral species are transported to the substrate by diffusion, positive ions
bombard the growing film, and negative ions are trapped within the sheaths and may
eventually form small particles.

3. The third step consists of surface reactions, such as hydrogen abstraction, radical diffu‐
sion, and chemical bonding. Then the formation of islands is made and it continues until
there is a thin film.

4. The fourth step is the subsurface release of hydrogen molecules from the film.

The deposition process involved physical and chemical interactions in the plasma and at the
growing film surface is dependent on several parameters such as RF power, frequency,
substrate temperature, gas pressure, and electrode geometry; a deeper explanation could be
found in [11].

Generally a plasma deposition system consists of several subsystems, each providing different
functions. The reactor system is the central part where the molecules are dissociated and the
products are deposited on heated substrates in order to form a layer. The reactor has a capacitor
electrode configuration. The power to the reactor system is delivered by means of the RF source
connected via the matching network. The RF source generally operates at a frequency of
13.56 MHz. The power and ground are connected to the top and bottom electrodes, respec‐
tively. The samples are loaded in the bottom electrode, which can be heated from room
temperature to about 300°C. The gas control system includes mass flow controllers to measure
and control the different gases (GeH4, SiH4, NH3, Argon, H2, PH3, B2H3) supplied to the
chamber. The vacuum system comprises mechanical pump, turbo molecular pump, roots
pump, and the pressure controller system. The deposition pressure can be controlled in a wide
range of values, usually from 500 to 2000 mTorr.
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Figure 1. Scheme of a plasma deposition system (PECVD) used for film deposition. Also the power, frequency, temper‐
ature, gas flow, and pressure controls are shown.

In our particular facilities, we use a four-chamber cluster tool from MVSystems for the
deposition of a-Si:H and related materials. To minimize cross-contamination between the
chambers, it has a chamber for the deposition of intrinsic a-Si:H films, two chambers for the
deposition of p- and n-doped semiconductor films, and a chamber for the deposition of metals
and transparent conductive oxides, as is shown in Figure 2. The chambers are kept under high
vacuum (10−6 torr) by turbo molecular pumps. The cluster tools eliminate cross-contamination
in multilayer thin-film structures and allow the production of high-quality electronic devices
[12].

Currently, several deposition techniques have been reported for the deposition of a-Si:H and
nano- and microcrystalline materials, such as radio-frequency (13.56 MHz) capacitively
coupled PECVD (RF-PECVD) [11], very high-frequency PECVD (VHF-PECVD) [13], micro‐
wave CVD (MW-CVD) [14], electron cyclotron resonance CVD (ECR-CVD) [15], reactive
magnetron sputtering (RMS) [16], hot-wire CVD (HW-CVD) [17], and the remote expanding
thermal plasma (ETP) [18].

Figure 2. PECVD cluster tool from MVSystems, at the facilities of the Laboratory of Microelectronics of INAOE (project
no. 152224 of the Secretary of Energy, SENER and the National Council of Science and Technology, CONACYT, Mexi‐
co).
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One of the drawbacks for RF-PECVD at 13.56 MHz is the deposition rate, which is in the range
of 1–3 Å/s. However, some efforts of increasing the RF-PECVD growth rate using higher power
and pressure have been reported in [19]. The best deposition rates using the VHF in the range
from 30 to 300 MHz have been reported until 20 Å/s [20].

3. Amorphous silicon

The noncrystalline semiconductors materials also known as “amorphous semiconductors” are
usually obtained by the dissociation of gas species using the PECVD technique [21, 22]. In these
materials the chemical bonding of atoms is a random covalent network; the disorder variation
in the angles between bonds eliminates the regular lattice structure of its crystalline counter‐
part, as is shown in Figure 3. However, the noncrystalline semiconductors have demonstrated
good optical and electronic properties for many device applications.

Hydrogenated a-Si:H is a mature material in the electronics manufacturing industry, where it
is used for the development of thin-film solar cells, IR sensors, and TFTs, due to its very large
absorption coefficient, its compatibility with the standard Si-CMOS technology, and the low
process temperatures used (<300°C) when it is deposited by PECVD. The above features allow
the use of different substrates such as metal foils, plastics, and glasses. In Table 1 a comparison
of Si-CMOS technology in contrast to the TFT technologies is shown. From the point of view
of the process temperature and cost, a-Si:H technology is very attractive for flexible and low-
cost electronics.

Figure 3. Schematic representation for the structures of (a) crystalline silicon (c-Si) and (b) amorphous silicon (a-Si:H).
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The a-Si:H film is composed by covalent bonds of Si─Si and Si─H. The silicon atoms form
covalent bonds mainly with three neighboring silicon atoms with a hydrogen atom [23]. The
hydrogen contents in a-Si:H have been reported from 4% up to 40%, and the density of
hydrogen atoms depends on deposition conditions. The amorphous structure of the material
leads to open network structures, in which voids and un-terminated bonds are so-called
defects or dangling bonds. For integration of a-Si:H into electronic devices, the defect density
must be in the range from 1015 to 1016 cm−3 [24]. In pure a-Si, the defect density is higher (1019

to 1020 cm−3) than in hydrogenated a-Si:H, which is not suitable for electronic device applica‐
tions. In a-Si:H the hydrogen is responsible for the lowering of the defect density by passivation
of these dangling bonds [25]. This is crucial because of the influence of the optoelectronic
properties, since in a-Si:H the dangling bonds can act as efficient recombination centers for
electrons and holes. The increase in defect density with light radiation (light soaking) is the
main cause of the SWE [26], where the light induces a creation of metastable defects in a-Si:H.
These additional dangling bonds can be reduced by heating the sample up to approximately
200°C. Some works have reported the reduction of that effect by incorporating fluorine in the
gas mixture during production [27].

Parameter Technology Device technology

c-Si MOSFET a-Si:H TFT Organic TFT

Process temperature 1000°C 200°C <100°C

Process technology Photolithography multilayers Photolithography multilayers Shadow mask and ink-jet

Design rule <32 nm 8 μm 50 μm

Substrate Wafer Glass/plastic Plastic/metal foil

Supply voltage 1 V 20 V Ink-jet 40 V

Device type N-type and P-type N-type P-type

Mobility 1500 cm2/Vs 1 cm2/Vs 0.5 cm2/Vs

Cost/area High Medium Low

Lifetime Very high High Medium–low

Table 1. Comparison of TFT and CMOS technology [23].

In amorphous semiconductors, the disorder and the presence of dangling bonds have an
influence on the electronic DOS. Figure 4 shows a simple schematic diagram of the DOS of the
conduction band (delocalized states) and the valence band (delocalized states) from the Davis-
Mott model, where Ec and Ev represent the energies, which separate the ranges where the states
are localized and extended. The central band is split into a donor and an acceptor band.

In the above model, the mobility has a drop in several orders of magnitude at the transition
from extended to localized states, resulting on a mobility edge. Thus the interval between Ec

and Ev acts as a pseudo-gap (referred as the mobility gap) [28].
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Figure 4. Schematic representation of DOS based on Davis-Mott model [28].

There are several definitions for optical gap and conventionally Tauc optical gap is used among
others. Thus, the band gap can be approximated using the measurements of the optical
absorption coefficient.

( ) ( )( )2
Tα hν = A/ hν hν-E (1)

where h is Planck’s constant, α is the absorption coefficient, ν is the radiation frequency, ET is
the optical band gap, and A is a proportional constant.

The absorption coefficient of a-Si:H is showed in Figure 5, where three main regions in the
spectra are typical identified, which are due to (a) band-to-band transitions that correspond
to the transitions from valence to conduction band, (b) transitions related to valence and
conduction band tails, and (c) defect-related transitions.

Figure 6 shows a HRTEM cross-sectional view of an a-Si:H thin film deposited in our facilities;
in the figure it is observed that there is not a larger range order of the atoms in the material,
which is the main structural characteristic of amorphous semiconductors.

Figure 5. Typical absorption coefficient of a-Si:H plotted as a function of photon energy [28].
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Figure 6. Cross section of an a-Si:H thin film observed by HRTEM.

4. Polymorphous silicon (pm-Si:H)

Basically pm-Si:H is a-Si:H with embedded nanocrystals of about 3–5 nm of diameter; those
nanocrystals are distributed in the a-Si:H matrix. The pm-Si:H films are obtained by modifying
the deposition conditions of standard a-Si:H, using the PECVD technique. The presence of
nanocrystals on the silicon amorphous matrix reduces the DOS and defects and improves the
electrical properties, as the carriers’ mobility and the stability of the films against radiation [3–
6]. Also, pm-Si:H preserves the characteristics of a-Si:H as a direct band gap, high absorption
coefficient, and high activation energy (Ea). Intrinsic pm-Si:H has a direct optical band gap
(1.6–1.8 eV) and a very large activation energy (Ea ≈ 1 eV), when it is deposited by PECVD.

The above properties of pm-Si:H make this material very suitable for more stable devices as
thin-film solar cells and thermal detectors. In this aspect, recently it has been reported thin-
film solar cells where the a-Si:H intrinsic film has been replaced with a pm-Si:H film, resulting
on solar cells with higher stability against light radiation (light soaking), in comparison with
its counterpart employing a-Si:H [8].

4.1. Deposition conditions of pm-Si:H

We have performed a study of the deposition conditions of pm-Si:H by PECVD [21]. The
deposition parameters were varied in order to observe their effect on the structural, electric,
and optical characteristics of the films deposited. A series of pm-Si:H thin films was deposited
by PECVD at RF = 13.56 MHz, from a SiH4 and H2 mixture. Table 2 shows the deposition
conditions for the pm-Si:H thin films; those films were deposited for 30 min, at substrate
temperature Ts = 200°C. For the pm-Si:H film deposition, a high H2 dilution is used and the
chamber pressure was varied, since it is an important parameter for the production of

Crystalline and Non-crystalline Solids154



nanocrystals. Notice that here we present some selected processes, which are more represen‐
tatives.

Sample # Press. (mTorr) Power (W) Power density (mW/cm2) SiH4 flow (sccm) H2 flow (sccm)

P1 500 20 69 50 50

P2 1000 20 69 50 50

P3 1500 20 69 50 50

Table 2. Deposition conditions of pm-Si:H films.

4.2. Characterization of pm-Si:H

4.2.1. Deposition rate

The deposition rate (Vd) of the pm-Si:H films was calculated from the average thickness and
the deposition time; in this case all the films were deposited for 30 min. Figure 7 shows the
variation of deposition rate of the pm-Si:H films as a function of deposition pressure, main‐
taining constant the other process parameters (see Table 1). In Figure 7, it is seen that depo‐
sition rate of the pm-Si:H films increases from 0.5 Å/s to 2.4 Å/s as the deposition pressure
increases. For the pressure of 0.5 torr, the deposition rate of the film is 0.5 Å/s (which is a
pressure generally used for the deposition of a-Si:H). At a pressure of 1.5 torr, the deposition
rate increases to about 2.4 Å/s.

Figure 7. Deposition rate and surface roughness of pm-Si:H films as a function of the deposition pressure.

4.2.2. Structural analysis

Figure 8(a)–(c) shows three-dimensional (3D) AFM surface images of the pm-Si:H films
deposited on silicon substrates; those films were deposited at different pressure values: 500,
1000, and 1500 mTorr. In the figure it is observed that the film deposited at 1500 mTorr has the
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largest Ra (of about 2.05 nm), which is in agreement with the deposition rate Vd results, since
larger Vd and larger roughness are associated with larger crystallinity fraction in the films. The
dependence with the deposition pressure of the average surface roughness (Ra) is shown in
Figure 7 and those values are listed in Table 3.

Figure 8. AFM 3D images of pm-Si:H films as a function of the deposition pressure: (a) P1 (500 mTorr); Ra = 1.3685 nm.
(b) P2 (1000 mTorr); Ra = 1.675 nm. (c) P3 (1500 mTorr); Ra = 2.053 nm.

High-resolution transmission electron microscopy (HRTEM) was used to study the film’s bulk
transversal structure. Figure 9 shows a transversal view of a 100 nm thick pm-Si:H film
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deposited over (1 0 0) c-Si obtained in our previous work [22]; in the figure several nanocrystals
of sizes of around (3–5 nm) are marked; it also is possible to observe the presence of nano-
islands at the c-Si/pm-Si:H interface.

Figure 9. HRTEM image of the transversal view of a pm-Si:H film deposited by PECVD [22].

Sample # Ra (nm) CH (%) XC_(Raman) (%)

P1 1.36 2.3 No sensitivity

P2 1.67 9.9 No sensitivity

P3 2.05 15.9 No sensitivity

Table 3. Surface roughness (Ra), H2 content, and crystalline volume fraction for the pm-Si:H films.

4.2.3. Fourier transform infrared spectroscopy (FTIR) analysis

The IR absorbance spectra of the pm-Si:H thin films in the range 500–2200 cm−1 are shown in
Figure 10. In the spectra several peaks related to different vibration modes are found. The peak
at around 640 cm−1 corresponds to Si─H rocking/waging modes [29], the band at around 800–
950 cm−1 is related to SiH2 or SiH3 bonding with low intensity, and it depends on deposition
conditions [29–31]. The band at 1900–2100 cm−1 is related to SiH, SiH2, and SiH3 stretching
modes.

In Figure 10, it is observed that as the pressure deposition increases, a change in the shape and
intensity of the band at 640 cm−1 is observed. For samples, P1, P2, and P3, the total H2 bonded
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content CH of the films was calculated with the integration of the area under the Si─H mode
(at 640 cm−1) using Eq. (2) [29]:

( ) ( )
H

Si

αAC % d
N

w w
= ò w

w
(2)

where α is the absorption coefficient at frequency (ω), Aω is the oscillator strength
(A(640) = 1.6 × 1019 cm−2) [29, 32], and NSi = 5 × 1022 cm−3 is the atomic density of pure silicon. The
IR spectrum was deconvoluted using Gaussian peaks centered for the region of interest.
Table 3 shows the H2 content results and is observed that H2 increases as the pressure increases.
Also in Figure 10 a shift from 700 cm−1 to 640 cm−1 from the film deposited at lower pressure
to the film deposited at higher pressure is observed, which could be related to the evolution
of hydrogen content on the films, and associated to the presence of nanocrystals in the films
deposited at higher pressure [33]. At higher pressures there is a change in the discharge regime,
which results in the formation of silicon nanocrystals (up to 2 nm), during the growth of pm-
Si:H films [34, 35], and that is in agreement with the values of Ra in our AFM analysis.

Figure 10. FTIR spectra of the pm-Si:H thin films.

4.2.4. Raman analysis

Raman-scattering measurements were performed in the pm-Si:H films. Raman spectra were
deconvoluted into three bands related to an amorphous phase (480 cm−1), an intermediate
phase associated with small-size nanocrystals (500–514 cm−1), and a crystalline phase (520 cm
−1). Figure 11 shows the Raman spectra of the pm-Si:H film series.

The Raman spectra of the pm-Si:H films have a main peak located at 479 cm−1 (corresponding
to a transverse optical phonon), which is related to an amorphous phase, and there was not
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detected any phase related to a crystalline fraction (520 cm−1). The contribution of the nano‐
crystals in pm-Si:H films is too small in order to be detected by Raman scattering.

Figure 11. Raman spectra of the pm-Si:H thin films.

4.2.5. Optical properties

The optical band gap (Eopt) of pm-Si:H films was calculated from transmittance measurements
and the method of Tauc. In Figure 12 the Tauc plots of pm-Si:H films are shown, where the
Eopt values were extracted. In Table 4 the Eopt values are shown, and it is observed that with
an increase of deposition pressure, Eopt has a decrement, from 1.93 eV to 1.84 eV. The obtained
values in the pm-Si:H series for Eopt are in agreement for intrinsic pm-Si:H films which have a
direct Eopt in the range of 1.6–1.8 eV and very large activation energy (Ea = 1 eV), when they
are deposited by PECVD [35–37].

Figure 12. Optical band gap determination from the Tauc plots ((αhν)1/2 vs. photon energy) for pm-Si:H films as a func‐
tion of the deposition pressure.
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4.2.6. Electrical properties

Temperature dependence of conductivity (σ(T)) measurements were performed in the pm-
Si:H films; from that characterization, the activation energy Ea was extracted; those values are
shown in Table 4, where it is observed that the Ea values are in the range of 0.72–0.94 eV, which
is in agreement with those values reported in literature [34].

As well the dark room temperature conductivity (σdark) and the photoconductivity (σphoto)
under AM 1.5 illumination conditions were measured in the pm-Si:H films. Notice that in the
films deposited at larger deposition pressure, the σdark tends to increase as well (Table 4). The
larger increment of σ from dark to AM 1.5 illumination in the pm-Si:H films is close to six
orders of magnitude, measured in the film deposited at 1500 mTorr, which is a very interesting
result for thin-film solar cells.

Sample # Press. (mTorr) Vd (A/s) Eopt (eV) σdark (Ω-cm)−1 σph (Ω-cm)−1 Ea (eV)

P1 500 0.55 1.93 damaged damaged damaged

P2 1000 0.7 1.88 6.23E−9 1.04E−5 0.72

P3 1500 2.4 1.84 1.39E−9 1.01E−3 0.94

Table 4. Characteristics of pm-Si:H films deposited.

5. Microcrystalline silicon (μc-Si:H)

μc-Si:H is a silicon-based thin film, with crystals in the range of 20–700 nm [38]. Those crystals
are of different orientations and grown in columns which are separated by an amorphous
phase. Usually μc-Si:H films are grown from SiH4 and H2 gas mixtures, but also SiF4, H2, and
Ar mixtures have been used [39]. The main parameters to grow μc-Si:H films are high H2

dilution, moderated RF power, and high deposition pressure; according to the optimization
of these parameters, the crystalline fraction can increase (Xc) and also its performance
characteristics can be optimized.

In the last years μc-Si:H has gained attention due to its properties which are similar than those
of polycrystalline silicon deposited by the low-pressure CVD (LPCVD). Polycrystalline silicon
has a very large carriers’ mobility and high stability, which make it very suitable for TFTs;
however high deposition temperatures are needed (400–600°C), which limits its use in flexible
substrates and even on glasses. On the other hand, μc-Si:H is deposited at low temperatures
(200°C) and also exhibits high carriers’ mobility, high stability, and high conductivity.

For thin-film solar cell applications, μc-Si:H also has been extensively studied due to its larger
IR absorption than that of a-Si:H [39] and also larger stability against sun radiation (light
soaking). At the present time, a-Si:H/μc-Si:H tandem solar cells (micromorph solar cells) have
been developed with stabilized efficiencies up to 12% [9].
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5.1. Deposition conditions of μc-Si:H

We performed a study for the production of μc-Si:H thin films in a PECVD reactor. The main
parameters for the production of μc-Si:H are high pressure, moderated power, and high H2

dilution. A series of μc-Si:H was deposited by PECVD at RF = 13.56 MHz, from a SiH4 and
H2 and Ar mixture. Table 5 shows the deposition conditions for the μc-Si:H thin films; those
films were deposited for 30 min at substrate temperature Ts = 200°C. For the growth of the μc-
Si:H films, Ar dilution has been used and the effect of the variation of the RF power density
has been studied. Notice that here we present selected processes, which are more representa‐
tives.

Sample # Pressure (mTorr) Power (W) Power density (mW/cm2) SiH4 flow (sccm) H2 flow (sccm) Ar flow

M6 1500 25 83 10 41 Yes

M7 1500 30 103 10 41 Yes

M8 1500 35 121 10 41 Yes

Table 5. Deposition conditions of μc-Si:H films.

5.2. Characterization of μc-Si:H

5.2.1. Deposition rate

The deposition rate (Vd) of the μc-Si:H films was calculated from the average thickness and
the deposition time; notice that all the films were deposited for 30 min. Figure 13 shows Vd as
a function of the RF power used for the deposition of the films.

In literature it has been found that the transition from amorphous to μc-Si:H, using SiH4 and
Ar mixtures, is produced by an increment of the RF power density [37, 40]. In Figure 13 is
observed that the deposition rate decreases as the RF power increases, from 1 Å/s to 0.8 Å/s;
however those values of Vd are closed to those of the films reported in literature [37, 41].

Figure 13. Deposition rate and surface roughness of μm-Si:H films as a function of the deposition pressure.
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5.2.2. Structural analysis

Figures 14 (a)–(c) shows 3D AFM surface images of μc-Si:H films. In the μc-Si:H films where
the RF power density was varied, we found that the film deposited at largest RF power (35 W)
had the largest Ra value. The values of Ra for the μc-Si:H films are in the range of 1.9–2.5 nm
(Table 6). Larger RF power used in the film deposition resulted in an increment of the film
surface roughness, which is in agreement with [42], since larger Ra is observed in films with
larger crystalline fraction [35].

Figure 15 shows a top image of a μc-Si:H thin film obtained by ultrahigh-resolution field
emission scanning electron microscope (FEI Scios Dual Beam); in the figure grains of diameters
of about 50 nm are observed at the surface of the μc-Si:H thin film. The surface structure is in
agreement with those results observed by AFM.

Despite AFM is used to correlate the presence of silicon clusters in the film surface with the
presence of silicon nanocrystals in the bulk of the film, by itself this technique is not sufficient
to determine the structural composition in the bulk of the film.

HRTEM and Raman spectroscopy are techniques more suitable to determine the microcrys‐
talline nature of the films. Figures 16 and 17 show a HRTEM transversal view of a μc-Si:H film
(obtained with a FEI HRTEM Thalos F200X). In Figure 16 crystals with different orientations
can be observed, while in Figure 17, an amplified image is shown, where the atomic order in
crystals of different orientations is observed.

Figure 14. AFM three-dimensional images of μc-Si:H films as a function of the RF power: (a) M6 (25 W); Ra = 2.02 nm.
(b) M7 (30 W); Ra = 3.15 nm. (c) M8 (35 W); Ra = 3.74 nm.
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Figure 15. FE-SEM top view image of a μc-Si:H film.

Figure 16. HRTEM transversal view of a μc-Si:H film.

Figure 17. HRTEM transversal view of a μc-Si:H film.
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5.2.3. Fourier transform infrared spectroscopy (FTIR) analysis

The IR absorbance spectra of the μc-Si:H thin films in the range 500–2200 cm−1 are shown in
Figure 18. The total H2 bonded content CH of the films was calculated with the integration of
the area under the Si─H mode (at 640 cm−1) using Eq. (2), as in Section 4.2.3.

In Figure 18, the Si─H bonds in wagging and stretching modes are presented at 640 cm−1,
700 cm−1, 850 cm−1, 920 cm−1, and 2150 cm−1, which are typical for μc-Si:H [29]. The band at 850–
950 cm−1 observed in the samples corresponds to SiHn bending modes; for this region low
intensity is observed for the samples M7 and M8, which were deposited with larger RF power
density (compared with the sample M6).

The band at 2000–2200 cm−1 is attributed to SiH, SiH2, and SiH3 stretching modes; the bands in
this region are related to the presence of nanocrystals embedded in the a-Si:H matrix [41]. In
Table 6, it is observed that the calculated H2 content for the films of series #2 is in the range of
3–4.4%, which is low in comparison with similar work reported in literature [31]. The low H2

content could be related to the fact that the excited Ar ion species that transfer their energy to
the growing film and break the weak Si─Si bonds produced more ordered and relaxed
network. In addition, large RF power density enhances the dissociation and ionization of
precursor gases [35].

Figure 18. FTIR spectra for the μc-Si:H thin films.

Sample # Ra (nm) CH (%) XC_(Raman) (%)

M6 2.02 2.9 67.9

M7 3.15 4.3 39.0

M8 3.74 4.4 55.8

Table 6. Surface roughness (Ra), H2 content, and crystalline volume fraction for the deposited films.
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5.2.4. Raman analysis

In Figure 19 the Raman spectra of microcrystalline films with the presence of a peak related
to a crystalline volume content are shown. The crystallinity in the samples M6–M8 is domi‐
nated by the peak at 520 cm−1 related to the transverse-optic (TO) mode, which is also observed
for crystalline silicon [43].

In Figure 19 an extra curve was introduced, deposited with the same deposition conditions of
sample M6 but without Ar dilution, in order to observe the effect of Ar in the growth of μc-
Si:H films. As is observed in Figure 19, that sample does not show the peak at 520 cm−1, showing
the importance of Ar in the dissociation of the SiH4 molecules due to a larger ionization. In
order to estimate the crystalline volume fraction (XC(Raman)) of the films, a deconvolution in
Raman peak intensities was performed using Eq. (3).

( )
c m

C Raman
c m a

I IX
I I I

+
=

+ + (3)

where Ic is related to crystalline component at 520 cm−1, Im intermediate nanocrystalline
component at 500–510 cm−1, and Ia the amorphous phase at 480 cm−1 [43]. In Table 6 the values
of XC (Raman) obtained in the μc-Si:H films are shown.

As one can see in Table 6, there is no a lineal relation of XC with respect to the increment of RF
power density; the highest crystalline fraction in μc-Si:H films was found at RF power of 25 W.
It is known that H2 is present in Si─H bonds in a-Si:H deposited at low RF power and also
that the H2 content increases by increasing the RF power; in our films this behavior is presented.
Therefore there is a compromise that suggests a suitable quantity of H2 to grow μc-Si:H and a
moderated RF power.

Figure 19. Raman spectra for the μc-Si:H thin films.
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5.2.5. Optical properties

The optical band gap (Eopt) of the μc-Si:H films was calculated from transmittance measure‐
ments and the Tauc plot method. Figure 20 shows the Tauc plots of the μc-Si:H thin films,
where the RF power density was varied. For this set of samples, Eopt has no significant change.
However the values of Eopt are in agreement with those reported in [33], where the μc-Si:H thin
films have larger Eopt values than those of a-Si:H.

Figure 20. Optical band gap determination from the Tauc plots ((αhν)1/2 vs. photon energy) of μc-Si:H films as a func‐
tion of the RF power.

5.2.6. Electrical properties

Temperature dependence of conductivity (σ(T)) measurements was performed in the μc-Si:H
films; from that characterization the activation energy Ea was extracted, those values are shown
in Table 7, and the Ea values are in the range of 0.15–0.27 eV, indicating doping, possibly related
to oxygen contamination during deposition. Notice that the Ea values increase with an
increment in the RF power.

As well the dark room temperature conductivity (σdark) and the photoconductivity (σphoto)
under AM 1.5 illumination conditions were measured, in the μc-Si:H films. The larger
increment of σ from dark to AM 1.5 illumination in the μc-Si:H films is of about two orders of
magnitude, measured in the film deposited with a RF power of 30 W (Table 7).

Sample # Power (W) Vd (A/s) Eopt (eV) σdark (Ω-cm)−1 σph (Ω-cm)−1 Ea (eV)

M6 25 1.1 2.09 6.32E−7 1.21E−5 0.15

M7 30 0.9 2.1 1.59E−6 1.05E−4 0.15

M8 35 0.8 2.1 5.35E−6 7.98E−5 0.27

Table 7. Characteristics of μc-Si:H films.
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