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Abstract

High‐quality and low‐cost fabrication of Si‐based materials, in which many fundamen‐
tal and technology problems still remain, have attracted tremendous interests due to
their wide applications in solar cell area. Low‐frequency inductively coupled plasma
(LFICP) provides a new and competitive solution, thanks to its inherent advantages of
high‐density plasma,  low sheath potential,  and low electron temperature,  etc.  The
plasma characteristic‐dependent microstructures, optical and electronic properties of
the LFICP CVD‐based hydrogenated amorphous/microcrystalline silicon and silicon
oxides are systematically studied. Remote‐LFICP combing the high‐density plasma
nature of ICP and mild ion bombardment on growing surface in remote plasma allows
the  deposition  of  high‐quality  Si‐based  materials  providing  excellent  c‐Si  surface
passivation. The mechanism of surface passivation by LFICP CVD Si‐based materials,
interaction between plasma species and growing surface are analyzed in terms of the
plasma properties. These results pave the way for LFICP CVD utilization in Si‐based
high‐efficiency and low‐cost solar cell fabrication.

Keywords: LFICP CVD, remote‐plasma, Si‐based materials, solar cells, passivation

1. Introduction

Plasma‐enhanced chemical vapor deposition (PECVD) is an excellent alternative for deposit‐
ing thin films at lower temperature than those utilized in a conventional CVD process. Plasma
generated by a glow discharge absorbs the electrical energy, and hence the neutral gases were
dissociated into reactive radicals, ion, neutral atoms and molecules, and other highly excited
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species through the electron impact instead of conventional thermal energy. These atomic and
molecular fragments interact with a substrate and, depending on the nature of these interac‐
tions, either etching or deposition processes occur at the substrate. Therefore, the substrate can
be maintained at a lower temperature keeping the reactions for the thin‐film deposition. These
salient advantages of PECVD, i.e., low temperature nature, together with the high quality of the
deposited films make PECVD be an important route for the fabrication of Si‐based materials,
which have been the dominant material system for the present solar cell research and commer‐
cial market. PECVD‐based silicon nitride (SiNx:H) with the feedstock gases of SiH4 and NH3 act
as the passivation and antireflection layer of the bulk Si solar cells. Fabrication of Si thin‐film
solar cells consisting of the stack of p‐, i‐, and n‐type hydrogenated amorphous/microcrystal‐
line Si (a‐/μc‐Si:H) films also relies on PECVD technology. The interface quality and energy
conversion efficiency of HIT (heterojunction with intrinsic thin layer) solar cell with the record
efficiency of 25.6% [1] closely depends on the PECVD process because the symmetric intrinsic
passivation layers and doped layers (front emitter and back surface field layers) are also prepared
by PECVD technology [2].

Although PECVD‐associated Si‐based materials are dominant over other materials in present
solar cell market, there are a variety of challenges due to the nature of the utilized PECVD
method. The common PECVD uses the capacitively coupled plasma (CCP) between parallel
plates driven by a 13.56 MHz RF power generator. The ionization degree of the neutral gas is
at a low level of ∼10−6–10−4 because of the low electron density of ∼109–1010/cm3 in a CCP
discharge mode. In principle, this means a low deposition rate of the targeted materials. As a
consequence, the deposition rate of PECVD‐based a‐/μc‐Si:H is about 0.5 nm/s [3], which is
not desirable for cost‐efficient, thin‐film solar cell productions. Furthermore, the intensive
coupling of the plasma density and ion energy in CCP complicates the deposition of high‐
quality thin films and the achievement of high‐efficiency solar cells because strong ion
bombardment would result in excessive defect formation in the films and on the growing
surface/interface, and hence significant deterioration of the energy conversion efficiency of the
solar cells [4]. These disadvantages of PECVD can be partially remedied by using very high‐
frequency (VHF) PECVD, which can effectively decouple the plasma density and electron
density due to the increasing electron input power fraction of the total input power with
frequency [5, 6] and enhance the deposition rate. However, there is not any report on the higher
efficiency of the VHF‐PECVD‐based solar cells [7].

High‐density plasma represented by inductively‐coupled plasma (ICP) has increasingly
attracted more interests due to its wide application areas such as microelectronics, display,
and solar cells, etc. The prominent advantage of high density of ICP makes it very appropriate
for the deposition of Si‐based materials (a‐/μc‐Si:H, silicon carbide, silicon oxide, and silicon
nitride), which are widely used in solar cells. Although there are numerous reports on the ICP‐
based deposition of these materials, the as‐deposited Si‐based materials with low defect
density and excellent interface features are few, not to mention the involved high‐efficiency
solar cells. We have been making many efforts on low‐frequency (460 kHz) ICP (LFICP)
excitation, characterization, and application in nano‐fabrication [8] and a wide range of thin
films’ synthesis [9, 10]. A discharging photograph of the LFICP facility and its schematic
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structure are shown in Figure 1(a) and 1(b), respectively. The power of the low‐frequency
power generator is coupled into the reactive chamber sealed by a quartz window via a
matching/tuning unit to sustain the reactive gases discharge.

Figure 1. Discharging photograph of the LFICP facility (a), and its schematic structure (b).

In comparison with the conventional CCP source, the LFICP source has several prominent
merits as follows [11, 12]: (i) high densities of the plasma species; in particular, the electron
number density n0 can reach 1013 cm−3 in the pressure range of a few pascal; (ii) low plasma
sheath potentials of several or tens of volts, which are beneficial for the reduction in ion
bombardment on the deposited films; (iii) low electron temperatures of a few electron volts in
a broad range of discharge conditions; and (iv) excellent uniformity of the plasma parameters
in the radical and axial directions. By using this novel plasma generator, Si‐based materials
have been fabricated with a high‐deposition rate at low temperature. Hydrogenated, amor‐
phous silicon carbide [13] (a‐SiCx:H, presently used as transparent doped layers in thin film
and heterojunction solar cells) with a wide carbon component x (0.09–0.71) has been attained
by adjusting the feedstock gas ratio of CH4/SiH4 dissociated by LFICP generator. Furthermore,
low‐temperature (500 °C) deposition of nanocrystalline SiC (nanocrystal size of about 6 nm)
has been developed by using LFICP [14]. Low‐temperature (100–200 °C) and high‐rate (>1 nm/
S) deposition of nc‐Si in the direct plasma region of LFICP have been realized [15]. In our
previous works [16, 17], it was also found that the severe etching on silicon surface directly
exposed to the high‐density hydrogen containing plasma drastically changes the morphology
and microstructures of the surface. As a consequence, it is very easy to attain μc‐/nc‐Si:H with
a high deposition rate. However, this high‐density ion region is not suitable for solar cell
fabrications where the defect density in the silicon films and on the interface need to be
elaborately minimized in terms of the plasma characteristics. Apparently, the severe ion
bombardment in a direct ICP would introduce additional defects reducing the photovoltaic
performance of the solar cells. Remote‐LFICP [18] is a feasible solution to avoid the ion
bombardment damage on the surface through separating the plasma generation region and
deposition region. High‐density plasma of hydrogen gas is generated and mainly confined in
the region near the antenna, i.e., the plasma generation region. The energetic species transport
into the growth region and react with the injected SiH4 neutral gas forming a variety of
precursor radicals for the deposition of high‐quality thin film at low temperatures.
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High‐quality Si‐based materials have been attained by means of remote‐LFICP:

1. As‐deposited a‐Si:H exhibits competitive surface passivation ability on crystalline silicon,
thanks to the minimized inner and interface defect density [19];

2. Silicon nitride with controlled bandgap due to the excellent dissociation ability of LFICP
facility was realized [20]. Meanwhile, the remote‐LFICP‐deposited silicon‐rich a‐SiNx:H
displays excellent Si surface passivation (surface recombination velocity of 36 cm/s for
low resistivity n‐type Si wafer) [21].

3. Remote‐LFICP‐based a‐SiOx:H provides effective surface passivation of low resistivity Si
wafer (surface recombination of 70 cm/s obtained) [22].

The aim of this work is to systematically report the high‐density plasma‐enhanced chemical
vapor deposition of device‐grade Si‐based materials by means of LFICP and its solar cell
applications. The as‐deposited Si‐based materials will be studied in combination with the
LFICP characteristics. Their soar cell applications mainly focus on the Si surface passivation
using remote‐LFICP‐CVD‐based Si‐based materials. This article is organized as follows.
Section 2 makes a brief introduction on a‐/μc‐Si:H and then focuses on the processing param‐
eters dependent microstructures and properties of the LFICP‐CVD intrinsic and doped a‐/μc‐
Si:H thin films. Section 3 focuses on the applications of LFICP‐CVD a‐/μc‐Si:H for c‐Si surface
passivation. The influence of the plasma characteristics on the properties of LFICP‐based
materials and growing surface properties are intensively investigated.

2. a-/μc-Si:H thin films

2.1. a-Si:H

Amorphous silicon (a‐Si) is a solid‐state material made of silicon atoms which are arranged in
a short‐range order. With the absence of the constraints of periodicity in elemental amorphous
silicon, it is difficult for each silicon atom to be linked up with four others. Compared with
crystalline silicon (c‐Si), the average bond angles between nearest‐neighboring atoms are
distorted. Some bonds are even broken and result in so‐called “dangling bonds”. These two
main defects of the lattice of a‐Si:H, i.e., bond distortion and dangling bonds, create large
densities of allowed states within the forbidden band gap in such a way that the material cannot
be effectively doped N‐ or P‐type and is not electronically useful. However, if the substance is
hydrogenated, the hydrogen atoms saturate the dangling bonds and reduce the density of
states within the forbidden gap. The bond distortion results in band tails near the valence and
conduction bands. In these band tails, the electrons (or holes) are localized in space and do not
directly participate in the electronic transport. The deep states near the middle of the band gap
results from the non‐passivated dangling bonds. These defect centers are “amphoteric”—there
are three charge states, i.e., +e, 0, and –e charges, leading to two levels (transitions between the
0/+ and −/0 charge states). The dangling bonds act as recombination centers for free electrons
and holes.
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2.2. μc‐Si:H

μc‐Si:H is known to be a complex material consisting of crystalline and amorphous silicon
phase plus grain boundaries [23]. Figure 2(a) shows a typical transmission electron microscopy
(TEM) of μc‐Si:H. Apparent columnar grains are observed. The crystalline growth starts at
nucleation centers near the interface between film and substrate. During the competitive
growth between the nucleation centers, the diameter of the remaining crystalline increases
leading to the cone‐shaped crystallites near the substrate surface [24]. Figure 2(b) displays the
microstructure evolution from highly crystal μc‐Si:H to amorphous a‐Si:H. The highly crystal
and amorphous structure are described in the left and right margin, respectively. From left to
right, the column size decreases and more amorphous phase is introduced between the
crystalline grains. This interrupts the columnar crystalline structure in the lateral direction.

Practically, μc‐Si:H is closely related to a‐Si:H, as the deposition technique for both materials
is the same. However, the deposition parameters, such as discharge power density, working
pressure, substrate temperature, etc., in the RF discharge deposition method, collectively
determine the ultimate microstructures of the obtained silicon thin films. CCP‐PECVD is the
most widely studied technique for the deposition of a‐/μc‐Si:H films. In this technique,
hydrogen‐diluted silane is dissociated by electron impact from the RF field between two
parallel plate electrodes to form SiHx radicals and atomic hydrogen. The generated species
diffuse/drift to the growing surface. The species and their reaction products are either
incorporated into the growing film or are re‐emitted from the surface into the gas phase. The
radicals then undergo various secondary reactions during their transport to the substrate.

Figure 2. TEM micrograph of a μc‐Si:H film grown on silicon substrate by means of LFICP (a), and a schematic draw‐
ing to show the microstructure evolution from μc‐Si:H (left) to a‐Si:H (right) (Reproduced from Ref. [24]).

2.3. a‐/μc‐Si:H by LFICP CVD

Although method of ICP has the advantages over the traditional CCP as demonstrated above,
the reports on its applications in silicon thin‐film deposition are not abundant, not to mention
the solar cell fabrication. For reference, some main progresses are summarized as follows. Li
et al. [25] used the built‐in one‐turn coil inductance antenna driven by 13.56 MHz RF power
to fabricate μc‐Si:H with tunable preferred orientation through controlling the hydrogen
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dilution. By the similar method with external conductance coil power by the same frequency
generator, Shen et al. [26, 27] obtained low defect density ((3 x 1015/cm3) a‐Si:H films, from
which a single‐junction a‐Si:H solar cell with energy conversion efficiency of 9.6% was
successfully fabricated. The researchers from Hiroshima University realized the high‐rate
deposition (up to 4 nm/s) of μc‐Si:H with a low‐level defect density in the year of 2001 [28,
29]. They systematically studied the films’ optoelectronic properties such as the optical band
gap, dark and photo conductivity, defect density, crystalline fraction ratio, etc. It seems that
as‐deposited silicon films are device grade and fulfill the common requirements for solar cell
fabrications. Unfortunately, they have not reported their subsequent achievements in their
research. The reports on the application of ICP‐grown silicon thin films in heterojunction solar
cells are not available. The only related work on the surface passivation by ICP‐grown a‐Si:H
was reported in Ref. [30], where minority carrier lifetime of 53 μs was obtained on a P‐type
silicon substrate (resistivity 1–20 Ωcm) with a 15‐nm‐thick a‐Si:H passivation layer.

For ICP reactor, there are two types of antenna configurations, namely cylindrical and planar.
The present LFICP driven by a low frequency of 460 kHz power generator belongs to a planar
coil configuration. As mentioned above, high‐density ion region in ICP is not suitable for a‐
Si:H thin‐film deposition for silicon surface passivation due to the severe ion bombardment.
In order to decrease the ion bombardment, the distance d between the antenna and the
substrate stage is increased by extending the deposition chamber height. In the a‐/μc‐Si:H
deposition, two distance values of 33 cm or 53 cm were adopted for comparison purpose. The
dependence of a‐/μc‐Si:H film microstructure and properties on the deposition parameters
were studied. The n‐doped and p‐doped μc‐Si:H layer were obtained with the introduction of
dopant gases of phosphine (PH3) and diborane (B2H6), respectively. The electrical properties
of the doped films were analyzed.

2.4. Discharge power effect

The a‐Si:H/μc‐Si:H thin films were deposited on the double‐side polished silicon and glass
substrates cleaned by standard methods. The sample holder was heated to a temperature of
140 °C monitored by an internally equipped thermal couple. The flux of silane (H2) was kept
constant at 5 sccm (20 sccm). The inductive RF discharge power was varied between 1.0–2.5
kW. The thicknesses of all the deposited thin films were measured directly from the cross‐
sectional scanning electron microscopy (SEM) image by using a JEOL JSM‐6700F filed emission
scanning electron microscope. The deposition rate can be calculated from the thickness divided
by deposition duration. FTIR measurements were performed on a Perkin‐Elmer FTIR 1725X
spectrometer in the mid‐infrared range from 400 to 4000 cm−1 with an increment of 1 cm−1. The
Cary 510 Bio spectrometer (300–1100nm) was used to measure the UV‐VIS transmission
spectra.

2.4.1. Optical band gap and deposition rate

The UV‐VIS transmission spectra (shown in Figure 3(a)) of the thin films deposited on glass
at different RF powers were measured to extract the parameter of optical band gap Eg. Evident
interference fringes due to multi‐layer interface reflections were observed in the spectra range
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longer than the absorption edge. The absorption edge occurs a redshift with deposition power,
indicating shrinkage of the optical band gap. The transmission T was transformed into
absorption α by the relation of α∞‐ln(T) using the thickness of the films directly read from the
cross‐sectional SEM images. The optical band gap Eg of a‐/μc‐Si:H (Si an indirect band gap
semiconductor) can be deduced from the Tauc equation

2
g( )= ( )h h B h Ega g g - (1)

where B is the edge width parameter related to the width of band tails in the film [31], and hν
the photon energy. In general, B factor is also taken as a measure of the overall structural
disorder and a higher value for B would indicate a lower degree of structure disorder [32]. In
our calculation, the obtained value of B (>800 cm−1/2.eV−1/2) is larger than that of literatures,
indicating less disorder and defects in the thin films.

The obtained Eg as a function of applied RF power together with the average deposition rate
are both plotted in Figure 3(b). A transition point of Eg was observed at power of 1.8 kW. Below
1.8 kW, Eg encounters a decrease from 2.30 eV for 1.0 kW to 2.10 eV for 1.8 kW. On the contrary,
Eg increases from 2.10 eV for 1.8 kW to 2.14 eV for 2.5 kW. This changing trend of Eg is related
to the crystallinity of the thin films and the hydrogen content, which will be discussed below
based on the experiments of Raman scattering and FTIR. The increasing RF power results in
the steady increase in the average deposition rate from 7 to 21 nm/min. These values obtained
at antenna‐substrate distance d of 33 cm are about half of those corresponding to distance of
11 cm [33].

Figure 3. The UV transmission spectra of the thin films deposited at different RF powers on glass substrate (a), and
deduced Eg (filled squares) and average deposition rate (filled circles) (b).

Another feature of the present films is the higher optical band gap Eg than that reported in
Refs. [34–36] where Eg was obtained by the methods other than Tauc method (spectroscopic
ellipsometry and surface photovoltage spectroscopy).
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Although it was recognized that the Tauc method will lead to a larger value for Eg, it will give
a correct variation trend of the value with respect to an independent parameter like RF power,
substrate temperature, and so on. Herein, the values of Eg are above 2 eV, larger than the values
(<1.9 eV) [33] obtained in earlier works performed on the direct‐plasma ICP system with other
similar deposition parameters. This should be correlated to the increased hydrogen content
(following FTIR results) in the thin films.

2.4.2. Raman scattering and crystallinity of the thin films

The micro‐Raman scattering experiments were performed to estimate the crystal phase
information in the thin films. The obtained spectra are displayed in Figure 4(a). It was observed
that the dominant peak gradually shifts from (480 to (520 cm−1 through a mixed phase state at
the power of 1.8 kW. This change reflects phase evolution from completely amorphous to
highly crystal with an applied RF power in the films. In fact, the crystallinity value can be
estimated by using different methods described in Ref. [37]. In this work, the method based
on Gaussian line fitting [38] is used, where Ia

( ) / ( )c i a c ifc I I I I I= + + + (2)

Figure 4. RF power‐dependent Raman scattering spectra (a), and the Gaussian‐shaped curve decomposition of the
Raman spectrum in the thin film deposited at RF powers of 1.8 kW. The inset of (b) shows the RF power‐dependent
crystallinity of the thin films.

Ii, and Ic are the integrated area of each phase, i.e., the amorphous ((480 cm−1), intermediate
((510cm−1), and crystalline phase ((520 cm−1), respectively, in the Raman spectra. A typical
deconvolution result is shown in Figure 4(b), where the cyan, blue, and green curves (from
left to right) denote the amorphous, intermediate, and crystal component, respectively. The
experimental (open circle) and overall fitting result agrees well, indicating the validity of the
deconvolution procedure. The calculated crystallinity as a function of RF power is included in
the inset of Figure 4(b). As expected, the crystallinity increases monotonously in the power
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range of 1.0–2.0 kW because of the production of denser and more energetic ion/radicals in the
plasma and area near the surface of the substrate. Higher plasma density means more frequent
impacts between the electron and the precursor gases, and thus a larger deposition rate. More
energetic ion/radicals imply that the adsorbed radicals on the surface will have a greater
diffusion length. This assists the adsorbed radicals to reach the most energetically favorable
sites and gives rise to better crystallization of the synthesized thin films [39]. The crystallinity
decreases from 67.0 to 61.6% when the RF power is further increased from 2.0 to 2.5 kW. This
should be related to the rapid increase of deposition rate in the range of 2.0–2.5 kW shown in
Figure 3(b). One possible interpretation may be that: a higher (>2.0 kW) RF power excites more
and more precursor ions like SiH, SiH2, and SH3 to improve the growth rate; on the other hand,
the overly rapid growth minimizes the hydrogen etching effect on the existing weak and
strained Si bonds. It is generally accepted that hydrogen etching is also an important mecha‐
nism to improve the crystallinity of Si thin films [40].

2.4.3. FTIR and hydrogen content in the thin films

The FTIR spectra of the thin films deposited with various RF power are shown in Figure 5(a).
Within a wavenumber range of 500–2300 cm−1, three Si‐H bond‐related bands were observed.
The first one, located at around 640 cm−1 was unambiguously attributed to Si‐H rocking/
wagging mode. Its exact location gradually changed from 644 to 630 cm−1 with increasing RF
power as displayed in Figure 5(b) (the filled circles). This is also correlated to the phase
evolution from amorphous to crystal silicon [41]. The second one comprising of two sub‐peaks
located at 845 and 890 cm−1 were identified as the bending mode of dihydrides SiH2 [41]. The
third one at the region of (2100 cm−1 is recognized as the SiHx stretching mode. One can see
that these hydrogen‐related signals become weak with increasing RF power, implying the
decreasing bonded hydrogen content in the thin films. Actually, the bonded hydrogen content
in the thin films can be estimated from the Si‐H bond rocking/wagging mode using the
following equation:

( )
HC A d A Iw w w

a w w
w

= =ò (3)

where the oscillator strength Aω is of value of 1.6 × 1019 cm−2. The calculated hydrogen content
at.% (defined as density ratio of hydrogen to that of hydrogen plus silicon) versus applied RF
power is plotted as filled square in Figure 5(b). The hydrogen content is in the range of 7.9–‐
17.4% and exhibits a general decreasing trend with RF power. Meanwhile, much lower values
(<8%) were obtained using the same method in the case of direct plasma (i.e., the film depo‐
sition region located in the plasma generation region) [15, 33]. A local fluctuation of hydrogen
content was also observed at a power of 1.8 kW, where the thin film is of transition state from
amorphous to crystal phase. Further increase in RF power from 2.0 to 2.5 kW leads to a little
improvement of hydrogen content, which is consistent with the decreasing crystallinity in this
power range shown in Figure 4(b).
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Figure 5. FTIR absorption spectra of the thin films deposited at different RF powers (a), and the RF power‐dependent
hydrogen content (filled squares) and Si‐H wagging/rocking mode location (filled circles) (b).

2.5. Hydrogen dilution effect

Hydrogen in the deposited films originates from the diluent hydrogen gas and hydrogen atom
bonded in silane molecules. From the point view of the deposition process, hydrogen facilitates
the dissociation of silane through increasing the ion/electron impact, influences the surface
energy of the growing surface via terminating the surface silicon atom, and etches the growing
surface. Therefore, the hydrogen dilution should have a substantial effect on the microstruc‐
tures of the ultimate silicon thin films. In this set, the RF discharge power and substrate are
fixed at 1.5 kW and 140 °C, respectively. The total flow rate of SiH4 and H2 is kept at 20 sccm.
The respective flow rate of SiH4 and H2 are changed with varying dilution ratio [H2]/[SiH4] =
0, 0.25, 0.5, 1, 2, 3, and 4. The working pressure in the deposition chamber is kept at 7.2 Pa.

Figure 6 shows the average deposition rate and Eg deduced from the Tauc method described
above. As expected, the deposition rate monotonically decreases with the decreasing silence
concentration (i.e., increasing hydrogen dilution ratios). When the dilution ratio changes from
0 (pure silane) to 4, the deposition rate drops sharply from 42 nm/min to 10 nm/min. However,
the case of Eg is more complicated with increasing dilution ratios. Within the range of ratio 0–
2, Eg increases from 2.17 to 2.32 eV. Further increase in dilution ratio results in decreasing Eg.
At a dilution ratio of 4, Eg is 2.21 eV. It has been mentioned above that Eg of a‐/μc‐Si:H is related
to the crystallinity and hydrogen content in the films. The corresponding Raman spectra shows
that all the films deposited under present conditions are of amorphous structure without clear
crystalline fractions. As pointed out above, the wagging/ rocking mode location in FTIR spectra
is also related to the phase configuration in the films.
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Figure 6. Dilution ratio‐dependent optical band gap and average deposition rate.

Figure 7 shows the extract waging/rocking vibration mode. With a small amount of hydrogen
introduction (H2/SiH4 = 0.25), the hydrogen content CH increases from 26.3 to 27.5% and the
wagging/rocking mode location shifts from 649 to 644 cm−1. CH drastically drops to 24.4% at a
dilution ratio of 0.5. The values of CH and the location of wagging/rocking mode are compa‐
rably steady in the dilution range of 0.5–2. Beyond 2, CH decreases drastically to 12.2% and the
mode location shifts to 631 cm−1 at a ratio of 4. The location shift to the small wavenumber side
with increasing dilution ratios implies the phase evolution to the crystalline orientation.

Figure 7. Hydrogen content and the wagging/rocking mode location in the a‐Si:H films as functions of the dilution
ration H2/SiH4.
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In view of the above experimental results, hydrogen dilution in LFICP method is also a key
parameter influencing the hydrogen content CH in the films. However, its effect on the
crystallinity of the films is less pronounced than that of the discharge power.

2.6. Working pressure effect

One of the inherent features of LFICP is low working pressure up to several tens of Pa. In this
section, the working pressure is altered in the range (1–19Pa) enabling a stable discharge. The
discharged power was kept at 2.5 kW. No external heating was applied to the substrate. The
flow rate of SiH4 and H2 are 12.5 sccm. The Raman scattering experiments revealed the
amorphous structure of these films. Figure 8 displays the working pressure‐dependent Eg and
average deposition rate. The deposition rate monotonically increases with working pressure
from the 68 nm/min (1 Pa) to 142 nm/min (19 Pa). On the contrary, Eg becomes narrower with
working pressure: 2.34 eV for 1 Pa, and 1.92 eV for 19 Pa.

Figure 8. The deposition rate and Eg as functions of working pressure.

Figure 9(a) shows the FTIR absorbance spectra of these films. The intensity of the waging/
rocking mode becomes weaker with increasing work pressure, indicating the effusion of the
bonded hydrogen with increase in the working pressure. The detailed hydrogen content as a
function of working pressure is shown in Figure 9(b). The hydrogen content was reduced
about 20% when the working pressure is increased from 1 to 19 Pa. The location of this mode
experiences a slight shift to higher wavenumbers with working pressure, which implies an
amorphous phase change. It is well known that an increase in the gas pressure enhances the
collisions in the plasma and reduces the electron and ion energies, and hence decreases the
crystallinity.
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Figure 9. FTIR absorptance spectra of the a‐Si:H thin films deposited at different pressures (a), and deduced hydrogen
content CH in the films (b).

It is worth noting that the stretching mode also decreases considerably with increasing working
pressure. Assuming the stretching mode corresponds to SiH‐associated peak at 2000 cm−1 and
the SiH2‐associated peak at 2100 cm−1, we will note the severe decrease of SiH2 fraction in this
mode. This should be responsible for the reduced hydrogen content in the a‐Si:H films.

In summary, the working pressure substantially influences the optical band gap Eg and
hydrogen content of the films. In present LFICP deposition, the high Eg values larger than 2
eV is mainly correlated to the high hydrogen content CH which corresponds to the ultra‐low
working pressure.

2.7. Effect of substrate temperature

The substrate temperature substantially affects the plasma species diffusion on the surface and
nucleation process, and hence the properties of the resulting a‐/μc‐Si:H thin films. In this set,
the feed gas flow rate ratio is SiH4/H2 =5:20 (in sccm) and the discharge power is 2.0 kW. The
substrate temperature is varied in the range of 27–150 °C. Figure 10 shows the temperature‐

Figure 10. The substrate temperature‐dependent deposition rate and Eg.
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dependent deposition rate and Eg. The increasing substrate temperature leads to the decrease
in both of these two parameters. In the studied temperature range, deposition rate and Eg

decreases by about 7.5 nm/min and 0.9 eV, respectively.

Figure 11 shows the substrate temperature‐dependent Raman spectra. The obtained films are
highly crystalline under the present deposition conditions. The elevated substrate temperature
results in the enhanced intensity of the 520 cm−1 peak, and thus more order structure in the
films.

Figure 11. Substrate temperature‐dependent Raman spectra.

The wagging/rocking mode in FTIR transmission spectra provides the bonded hydrogen
numbers information which is displayed in Figure 12. The bonded hydrogen content CH is
very sensitive to the substrate temperature, decreasing by about 21% with substrate temper‐
ature from room temperature to 150 °C.

Figure 12. Substrate temperature‐dependent hydrogen content in the films.
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2.8. Effect of antenna‐substrate distance

In the axial direction, the plasma properties should be dependent on the antenna‐substrate
distance d between the RF antenna and the depositing substrate. Although the detailed plasma
characterizations in different distances have not been conducted, the different plasma densi‐
ties, electron temperatures, and sheath potentials, etc. are expected. In principle, the neutral
particles will become more and more important among species contributing to the film
deposition due to the enhanced ion recombination with increasing distance d. It was recog‐
nized that the severe etching and ion bombardment produces additional defects on growing
surface/substrate directly contacting with the high‐density plasma [16]. Therefore, the
deposition region should avoid direct contact with the high‐density plasma during deposition.
Figure 13 shows the Raman spectra of the films deposited at different d values. The film is
completely crystal in the case of direct plasma at d = 11 cm. In comparison, microcrystalline
silicon is obtained when the distance is widened to 33 cm (namely, a semi‐remote plasma
configuration). The film is completely amorphous at the distance of d = 53 cm (a remote plasma
configuration). Meanwhile, the atom network evolution from crystalline to amorphous is
accompanied with the deposition rate reduction shown in Figure 14. The drastic reduction of
deposition rate with distance d reflects the decreasing number of precursors contributing to
Si:H deposition.

Figure 13. Raman scattering spectra of the silicon thin films deposited at different antenna‐substrate distance d values.
The other deposition parameters are as follows: discharge power 1.8 kW, substrate temperature 100 °C, and gas pres‐
sure of 7.2 Pa.
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Figure 14. The antenna‐substrate distance‐dependent deposition rates.

Figure 15 shows the evolution of FTIR absorbance spectra with respect to the distance d. All
the H‐associated signals are enhanced with distance d. The hydrogen content CH deduced from
the wagging/rocking mode is represented in the inset. CH increases sharply with d possibly
due to the reduced plasma heating effect.

Figure 15. Comparison of FTIR absorbance spectra of the films deposited at different antenna‐substrate distance val‐
ues.

2.9. Doped a‐/μc‐Si:H films by LFICP CVD

In this section, the process parameters‐dependent microstructure and electrical properties of
the n‐ and p‐doped a‐/μc‐Si:H films are studied to evaluate the doping ability of LFICP. Doping
of a‐Si:H by PECVD was first demonstrated by Spear and Le Comber in Ref. [43]. The disor‐
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dered structure of a‐Si:H was supposed to allow the incorporation of dopant into the amor‐
phous network, thus impeding the doping of the material. Subsequently, the underlying
doping mechanism of a‐Si:H was further clarified by Street [44]. Nevertheless, the doping
efficiency of a‐Si:H (<1%) as a disordered material is much lower than in crystalline silicon [45].

Here, the feed gas silane is pure without hydrogen pre‐dilution. The n‐type dopant resource
gas phosphine (PH3) and p‐type dopant resource gas diborane (B2H6) both were H2‐diluted to
a 15% concentration. In the following discussions, the gas consumptions are directly denoted
as the nominal flow rate. It was found that the antenna‐substrate distance d also significantly
affects the doping capability of LFICP. As an example, Figure 16 shows the hole carrier
concentration evolution with respect to the parameter of d under the same other parameters:
SiH4:H2:B2H6 = 5:20:0.4 (in sccm), discharge power 2.0 kW and low substrate temperatures of
150 or 100 °C. When d is increased from 11 to 53 cm, the hole concentration drops sharply
spanning a wide range of 1019–1014 cm−3. The result at 100 °C is also included in the case of 33
cm. Recalling the Raman results at different d values (Figure 13), one will find that carrier
density is inversely proportional to the crystallinity of the films. This is consistent with the fact
that amorphous network is more difficult to dope. In the next section, it will be revealed that
larger‐distance‐deposited a‐Si:H films provide more effective surface passivation effect on
silicon. Hence, doping and passivation ability for LFICP‐grown a/‐μc‐Si seem to be a contra‐
diction.

Figure 16. The hole carrier density as a function of antenna‐substrate distance d in the p‐doped films deposited at sub‐
strate temperature 150 °C (solid square) and 100 °C (open square).
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2.9.1. p‐doping

Different‐flux phosphine gas was introduced into the feed gases of SiH4:H2 = 6:60 (in sccm)
discharged by RF power of 3 kW with substrate temperature of 100 °C. Figure 17(a) shows the
electrical parameters (from Hall effect measurement using the Ecopia HMS‐3000 system) of
as‐deposited p‐doped a‐/μc‐Si:H films. The hole density p reaches its maximum value of 1.2 ×
1019 cm3 at an intermediate B2H6 flux of 0.4 sccm. The ultimate conductivity σ displays the same
trend with carrier density. The highest σ value is 0.58/Ωcm obtained at B2H6 flux of 0.4 sccm.
The corresponding Raman scattering spectra of the films are shown in Figure 17(b). A
systematical shift from microcrystal to amorphous structure occurs with the gradual addition
of dopant gas B2H6. The flux of 0.4 sccm is an optimum one, where the optimized amount of
the dopant is introduced into the host μc‐Si:H structures.

Figure 17. B2H6 flux‐dependent electrical properties including the hole carrier density, mobility, resistivity, and con‐
ductivity (a), and corresponding Raman spectra of the a‐/μc‐Si:H films (b).

It is found that the doping is strongly dependent on the deposition temperature. Increasing
substrate temperature improves the conductivity of the deposited films. Figure 18(a) shows
the electrical properties of the doped a‐/μc‐Si:H films deposited in the substrate temperature
range of 100–200 °C. The flux of B2H6 is kept at 0.4 sccm. The increased temperature facilitates
the activation of the dopant in the film leading to the improvement in the hole density and
degraded mobility. The resulting conductivity σ almost increases linearly with substrate
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temperature and σ reaches 2.1/Ωcm. Figure 18(b) shows the corresponding Raman scattering
spectra. The peak gradually shifts from 505 to 510 cm−1 indicating the microstructure shift to
the microcrystalline side. This ordered network resulted from the higher substrate temperature
is beneficial to doping behavior.

Figure 18. Electrical properties of the doped films with B2H6 = 0.4 sccm at different substrate temperatures (a), and the
corresponding Raman scattering spectra (b).

2.9.2. n‐doping

It seems that the n‐doping is more difficult than p‐doping in the case of higher antenna‐
substrate distance. Herein, the substrate temperature ranges from 100–200 °C, PH3 flux covers
the range of 0.5–1.0 sccm, and the feed gas ratio SiH4:H2 is changed from 5:40 to 5:60 (in sccm).
The discharge power is set at 2.75 kW. Figure 19 shows the Raman scattering spectra of the a‐/
μc‐Si:H films n‐doped by different PH3 flux. The microstructure change with the PH3 intro‐
duction is not as monotonic as shown in Figure 17 associated with the case of B2H6. Table 1
presents the deposition parameters and associated electrical properties of the obtained n‐
doped a‐/μc‐Si films. At PH3 flux of 0.5 and 0.62 sccm (100 °C), the electron density n is below
1014/cm3. The former flux 0.5 sccm is not adequate for effective doping and the latter 0.62 sccm
leads to an amorphous‐oriented network according to Figure 19. The optimum set is 0.75 sccm
PH3 and 200 °C, where the highest conductivity is 3.45/Ωcm.
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Figure 19. Raman scattering spectra of a‐/μc‐Si:H n‐doped at different PH3 fluxes.

Power SiH4 H2 PH3 Pressure T n μ ρ σ

(kW) (sccm) (sccm) (sccm) (Pa) ( °C) (/cm3) (cm2/VS) (Ωcm) (/Ωcm)

2.75 5 60 0.5 12 100 4.11E+14 17.85 859 0.001

2.75 5 60 0.75 12 100 4.95E+15 6.34 199 0.005

2.75 5 60 0.75 12 200 1.03E+20 0.21 0.29 3.45

2.75 5 60 1 12 200 7.56E+19 0.031 2.68 0.38

Table 1. Deposition parameters and properties of n‐doped a‐/μc‐Si:H thin films.

Figure 20 shows the n‐doped a‐/μc‐Si:H films deposited with different hydrogen dilution ratio.
Up to the ratio of SiH4/H2 = 5:50, the film is a completely amorphous network impeding the

Figure 20. Raman scattering spectra of the n‐doped a‐/μc‐Si:H films deposited at different hydrogen dilution ratio.
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doping behavior. The structure turns into microcrystalline at the ratio of SiH4/H2 = 5:60, where
the better conductivity can be obtained in present experiments.

Figure 21 shows a typical top view (a) and cross‐sectional (b) SEM image of a n‐doped μc‐Si:H
film deposited at a temperature of 200 °C and dilution ratio of H2:SiH4 = 60:5. Nanostructured
Si particles are uniformly distributed on the surface in Figure 21(a). There are no any observ‐
able voids or apparent defects. The apparent column growth is observed in Figure 21(b). The
interface between the film and the Si substrate is clear and free of incubation layer.

Figure 21. Top view (a) and cross‐sectional SEM image of the n‐doped μc‐Si:H.

3. c‐Si surface passivation by LFICP CVD a‐/μc‐Si:H

In Sections 1–2, the intrinsic and doped a‐/μc‐Si:H films based on LFICP‐CVD method are
studied in terms of the plasma parameters. The optical band gap, bond configuration, micro‐
structure, and hydrogen content in the films are dependent on the deposition parameters of
RF power, gas ratio, working pressure, and substrate temperature. In particular, the properties
of the LFICP‐grown a‐/μc‐Si:H films are sensitive to the antenna‐substrate distance d. A high
d value is inclined to a‐Si:H over μc‐Si:H growth due to avoiding direct immersion in high‐
density plasma. However, increasing d makes it difficult to dope the a‐/μc‐Si:H films. Improv‐
ing substrate temperature and hydrogen dilution can effectively compensate the doping
obstacle from increased d. The conductivity of 2.10 and 3.45/Ωcm are achieved in p‐ and n‐
doped μc‐Si:H at a low substrate temperature of 200 °C.

In this section, the crystalline silicon surface passivation by LFICP‐CVD a‐/μc‐Si:H is investi‐
gated. In terms of the antenna‐substrate distance d, a‐/μc‐Si:H films display different passiva‐
tion level evaluated by the carrier lifetime measurements. The passivation effect of the film,
which is strongly dependent on a variety of processing conditions, e.g., the pre‐deposition
treatment of c‐Si, the film deposition parameters, and post‐deposition annealing, is physically
analyzed. The carrier recombination mechanisms will be firstly reviewed.
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3.1. Recombination and passivation in Si‐based solar cells

Usually, the loss in photovoltaic solar cell comprises surface light loss, the transmitted light
loss, thermalization loss (thermal electron loss). In a practical heterojunction (HJ) silicon solar
cell, the a‐/μc‐Si:H layer is of several nanometers thick, which marginally absorbs sunlight.
The photogeneration of excess charge carrier pairs mainly occur in the bulk c‐Si. In order to
efficiently collect the photogenerated carriers which can be extracted and thus contribute to
the externally retrievable current, reducing the carrier recombination in silicon, especially on
the surface, is particularly important.

The carrier recombination originating from bulk silicon primarily comprises two types, i.e.,
the intrinsic and extrinsic ones. The intrinsic recombination, which mainly includes radiative
[46] and Auger recombination [47], occurs in a pure and defect‐free semiconductor, while the
extrinsic recombination stems from contaminants and defects which act as recombination
centers.

Total bulk recombination is the sum of the above three terms and is expressed as

Rad Aug SRH
Rad Aug SRH b

n n n nU U U U
t t t t
D D D D

= + + = + + = (4)

where τSRH denotes the contribution from the extrinsic recombination of Shock‐Read‐Hall effect
[48, 49].

Surface recombination is a special case of SRH recombination due to the localized states
appearing at the surface. Different from the bulk SRH centers, these states usually form a set
of states across the band gap instead of a single energy level. Surface recombination is usually
evaluated in terms of surface recombination velocity (SRV) instead of lifetime. However, the
principles are same to bulk SRH recombination. It mainly originates from the surface dangling
bond, i.e., the missing of crystalline network. The chemically and mechanically created defect
can also result in surface recombination. In a simple condition with a constant bulk lifetime τb

and a small constant SRV (two surfaces are same to each other), the effective lifetime τeff is
expressed as

21 1 ,eff

eff b

S
Wt t

= + (5)

where W is the thickness of the bulk silicon.

High carrier lifetime is a critical issue in achieving high‐energy conversion efficiency in solar
cells. There are many techniques that have been developed over the past two decades with the
objective of measuring minority carrier lifetime in Si [50]. Two techniques, namely the transient
photoconductance decay (TPCD) and the more recent quasi‐steady‐state photoconductance
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method (QSSPC), are the basis of the WCT‐120 tester, which are widely used in this work to
characterize the solar cell precursors.

Compared with the optical management by conventional methods like an antireflection layer,
the minimization of electronic losses at the crystal silicon surface is a more delicate challenge
for high‐efficiency solar cell [51]. Recombination losses at silicon interface or surface can be
minimized by using two passivation schemes, namely, via chemical passivation or filed
passivation. The former aims to reduce the interface defects that originate from the dangling
bonds by H atom, a thin dielectric, or semiconductor film. The latter is based on the fact that
the electron/hole density at the interface will be significantly reduced by formation of a built‐
in potential from the introduction of a passivation layer. Based on these two strategies, various
Si‐based materials, such as hydrogenated amorphous silicon (a‐Si:H) [52], silicon nitride (SiN)
[53], thermal oxygenated silicon dioxide (SiO2) [54], and amorphous silicon carbide (a‐SiCx)
[55] have been investigated for passivation purposes. Among these materials, a‐Si:H is still the
best candidate for silicon heterojunction solar cells [56, 57] due to its excellent passivation
properties obtained at low deposition temperatures, and also simple processing without the
introduction of any atoms other than silicon and hydrogen.

The a‐Si:H (including SiOx, SiNx and SiCx) passivation layers were mainly deposited by using
conventional CCP‐PECVD or hot wire chemical vapor deposition (HWCVD) in literatures. A
detailed review of c‐Si surface passivation can be found in Refs. [2] and [51], where the
millisecond level lifetime and below tens cm/s surface recombination velocity prevails.
Schmidt et al. [59] used a‐Si1−xNx deposited at a temperature 300 °C ≤ T ≤ 400 °C and obtained
recombination velocity S ≤ 10 cm/s. Martin et al. [60] adopted a‐SiCx:H as a c‐Si surface
passivation layer yielding S ≤ 30 cm/s. Dauwe et al. [61] achieved a low recombination velocities
S ≤ 10 cm/s by 200–250 °C deposited a‐Si:H. Descoeudres et al. [52] adopted a VHF‐PECVD
(40.68 MHz) to deposit intrinsic silicon film for c‐Si surface passivation and obtained a lifetime
of 5.9 ms in N‐type FZ Si wafer with a resistivity of 4.0 Ωcm. Furthermore, the authors proposed
a new indicator of silane depletion fraction for good passivation effect. It was reported that
the good interface passivation corresponds to the highly depleted silane plasma. Willem et al.
[2] prepared the a‐Si:H film using three different CVD techniques, namely, PECVD, VHF‐
PECVD, and HWCVD for passivation purpose and found that all three deposition methods
yield excellent surface passivation with milliseconds level lifetime values.

However, the ICP‐grown a‐Si:H for c‐Si surface passivation is rarely reported [30], not to
mention that grown by LFICP.

3.2. c‐Si surface passivation by semi‐remote LFICP CVD a‐/μc‐Si:H

It was found that a‐/μc‐Si films deposited at direct LFICP region (with an antenna‐substrate
distance d = 11 cm) had an unsatisfied passivation effect for c‐Si due to the damaged interface
by severe ion bombardment. Therefore, the distance must be lengthened in order to yield the
high‐quality interface and good passivation. In this subsection, the adopted distance is d = 33
cm, where a semi‐remote plasma is obtained.
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3.2.1. Passivation effect of a‐/μc‐Si:H deposited from hydrogen‐diluted silane

In this subsection, a‐/μc‐Si:H films deposited from only hydrogen‐diluted silane at the
antenna‐substrate distance of d = 33 cm is used to passivate c‐Si surface with different resis‐
tivity. First, the surface passivation effect of a‐/μc‐Si:H grown under different discharge
powers has been investigated in the case of a higher substrate resistivity of 8 Ωcm. The effect
of pre‐deposition hydrogen plasma treatment, post thermal annealing, and the correlation
between the lifetime and the thickness of the incubation layer at the interface have been
analyzed. At this antenna‐substrate distance, the resulting films possess fairly good passiva‐
tion even without any post‐deposition thermal annealing.

The a‐/μc‐Si:H thin films of thickness of 50 nm were deposited on the double‐side polished, p‐
type CZ Si (comparatively higher resistivity of 8 Ωcm, thickness of 600 μm, (100) orientation,
and area of about 3 × 3 cm2). The pre‐deposition hydrogen plasma treatment on the substrates
was applied for various durations to investigate the effect of hydrogen plasma exposure on
the surface recombination. The microstructures and properties of the thicker counterpart of
the thin passivation layer were studied in Section 2.1. The effective minority carrier lifetime of
the symmetrically passivated wafer was measured by using the quasi‐steady state photocon‐
ductance decay (QSSPCD) technique on the facility of WCT‐120.

3.2.1.1. Effect of pre‐deposition H2 plasma treatment on surface passivation

Prior to the passivation layer deposition, the substrates were treated by H2 plasma for different
durations (0–90 s) to improve the interface properties. The final structure for the minority
carrier lifetime measurement is shown in inset of Figure 22. All the specific minority carrier
lifetimes were recorded at an excess carrier of 1015/cm3.

Figure 22. RF power‐dependent minority carrier lifetime (filled squares) and incubation layer thickness (open squares).
The inset shows the passivation scheme for the lifetime measurement.

τeff values are plotted in Figure 23 as a function of H2 plasma treatment time. τeff is 127 μs
without H2 plasma treatment. An intermediate treatment time (30–60 s) is beneficial to silicon
surface passivation, which is evidenced by the improved lifetime value. However, overlong
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treatment (>60 s) is detrimental to the surface quality, resulting in a less lifetime value of 73
μs. The maximum value of carrier lifetime ∼230 μs was obtained at a time of 30 s.

Figure 23. The minority carrier lifetime of the sample exposed to H2 plasma for different time before the passivation
layer deposition.

3.2.1.2. Influence of RF power on surface passivation

The RF power‐dependent effective lifetime τeff is shown in Figure 22 (filled squares). This curve
can be separated into three stages: In the first stage (1.0–1.5 kW), τeff decreases from 67 to 42
μs; in the second stage (1.5–2.0 kW), τeff rapidly increases from 42 μs to its maximum of 234
μs; in the third stage (2.0–2.5 kW) τeff drops down to 129 μs. The observed pattern of τeff will
be explained in terms of the properties of the thin films and the interface between the thin film
and silicon substrate.

The passivation effect described by τeff is not only related to the deposited thin films itself but
also the a‐Si:H/c‐Si interface quality. The low defect density in the thin films is presumably a
consequence of hydrogen passivation. As mentioned above, the hydrogen content in these thin
films is comparatively larger. However, in the current experiments, the maximum value of τeff

is obtained at RF power of 2.0 kW, where the corresponding thin film contains the least
hydrogen as shown in Figure 5. Therefore, the change of lifetime τeff should not simply be
attributed to the change of hydrogen content with the RF power.

Another crucial mechanism to determine the passivation effect is the interface defect between
the passivation layer and the substrate. It has been observed that during the deposition of a
μc‐Si:H layer on top of a substrate, a 30–50 nm thick interlayer referred as incubation zone [63]
is produced. Its crystallinity and thickness strongly depend on the deposition condition and
the substrate material. In our experiments, the incubation layer was directly observed in the
high‐magnification cross‐sectional SEM images of the deposited thin films on double‐side‐
polished Si substrate. Figure 24 shows the high‐magnification cross‐sectional SEM images of
the thin films deposited at the power of 1.2 (a), 1.5 (b), 1.8 (c) and 2.0 kW (d). The clear scratches
and cracks come from the cross‐section preparation process. Except the sample deposited at
2.0 kW, evident incubation layers were observed between the crystal Si and the films. Fur‐
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thermore, the thickness of the incubation layers can be determined from the SEM measurement
tool by making measurement multiple times at different locations and the results as a function
of RF power are plotted in Figure 22 (the open squares). The error bars shown in Figure 22
represent the standard deviations from the mean thickness values from the multiple metering.
At a power of 1.5 kW, the thickness has a maximum of 80 ′ 7 nm (>the standard passivation
layer thickness of 50 nm), while the lifetime has a minimum of 42 μs. No evident incubation
layer was observed at the power of 2.0 kW, at which the greatest minority lifetime value was
obtained. Linking the curve of incubation layer thickness with that of the lifetime, one will find
that the incubation layer thickness changes with the RF power in an opposite way to the
minority carrier lifetime τeff dose. This observation suggests the fact that the incubation layer
on the interface between the passivation layer and the crystal Si will worsen the passivation
effect of the a‐/μc‐Si:H thin films.

Figure 24. The cross‐sectional SEM images of the thin films deposited at RF power of 1.2 (a), 1.5 (b), 1.8 (c), and 2.0 k W
(d). Evident incubation layers were observed at the interfaces.

The CVD deposition of Si thin films involves a complex combination of several processes
including the arrival and removal of gas molecules or precursors at the substrate surface, the
decomposition into reactive species, and the migration of these species on the surface where
they can lead to nucleation and continued deposition [64]. The adsorbed reactive species are
likely to come to rest when a position of minimum energy position is found. The minimum
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energy position can be a defect at the substrate surface, which will result in a new nucleus, or
an existing nucleus [65]. At certain process conditions, the formation of nuclei will be delayed
for some time known as the incubation time [64]. From the point view of the growth mecha‐
nism, the incubation layer (initial growth) will be rich of defects, which will lead to the intense
recombination of the photon‐induced carriers and thus a decreasing lifetime value observed
in Figure 22.

3.2.1.3. Influence of thermal annealing on surface passivation

In order to investigate the influence of the post‐deposition annealing on the silicon surface, the
samples were thermally annealed in vacuum and H2 flow atmosphere. For simplicity, one
sample with an as‐deposited lifetime value of 196 μs was annealed just in vacuum in the
temperature range of 230–500 °C. Figure 25(a) shows the evolution of lifetime τeff with
annealing temperatures. The annealing duration at each temperature point is 30 min. One can
see that the lifetime increases almost linearly in the range of 230–420 °C. Further increasing of
temperature to 500 °C results in a significant decrease in lifetime value. The relatively low
temperature (<500 °C) annealing in vacuum leads to the lifetime improvement by a factor of
about 2.5. The corresponding FTIR transmission spectra of the sample before and after thermal
annealing were measured in the wavenumber range of 550–950 cm−1 to clarify the H role in the
surface passivation. The spectra of the as-deposited and the 420 and 500 °C annealed samples
are shown in Figure 25(b). The Si‐H wagging/rocking mode at about 630 cm−1 slightly changes
with temperature increasing from 230 to 420 °C. In comparison, this mode considerably recedes
when temperature is increased from 420 to 500 °C, which is indicative of lower hydrogen
content after annealing. The mode around 850–900 cm−1 also becomes weak after annealing at
a temperature of 420 and 500 °C.

Figure 25. The minority carrier lifetime of the sample annealed at different temperatures in vacuum (a), and FTIR
transmission spectra (550–950 cm−1) of the as‐deposited sample and that annealed at 420 and 500 °C (b). Increase in the
annealing temperature from 420 to 500 °C leads to the decreasing hydrogen content in the film.
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The vacuum annealing results discussed above represent the important role of the hydrogen
atom in the Si surface passivation. Low‐temperature (<420 °C) annealing enables the diffusion
of hydrogen in the thin film towards the Si substrate, which effectively reduces the dangling
bond density at the interface and enhances the minority carrier lifetime. At higher tempera‐
tures (>420 °C), hydrogen atom effuses leading to the re‐generation of the dangling bonds and
thus a decrease in the lifetime value. Systematic annealing experiments were performed on
the samples deposited at different RF powers, and the ultimate lifetime values (not shown
here) presented the same trend with that of the as‐deposited samples shown in Figure 22 (filled
squares). These results show that the as‐deposited interface features, especially the incubation
layer properties discussed above, are the crucial factors in determining the ultimate lifetime
values in our case. Therefore, we will focus on the sample with the highest as‐deposited lifetime
value. It is worth stressing that the ultimate lifetime value is dependent on the annealing
circumstance. Figure 26 exhibits the lifetime value evolution with annealing time at 420 °C in
vacuum (filled squares), H2 flow (filled circles), and N2 flow. In the case of vacuum annealing,
the lifetime value increases sharply in the 95 min and saturates at the value of 421 μs at about
185 min. On the contrary, the lifetime reaches the maximum of 524 μs in a short time of 11 min
in the case of H2 flow. It seems that the presence of hydrogen in the annealing circumstance is
essential to improve surface passivation by present a‐Si:H/μc‐Si:H thin films, despite the
presence of rich hydrogen in the film as evidenced by the FTIR result. With N2 flow, lifetime
reaches its maximum value of 425 μs in 5 min, followed by a drastic drop for time longer than
5 mins. The H2 preference is confirmed by multiple annealing experiments. It is well known
that N2 is the commonly used protective gas for post‐deposition annealing of passivation layer
a‐Si. But H2 circumstance annealing is indeed better than N2 in our experiments. The under‐
lying mechanism needs a further study to clarify.

Figure 26. The minority carrier lifetime as a function of annealing duration at 420 °C at an atmosphere of vacuum (fil‐
led squares), H2 flow (filled circles), and N2 flow (open circles).
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3.2.1.4. Injection level‐dependent surface recombination

The effective minority carrier lifetime τeff is related to the effective surface recombination
velocity Seff through Equation 5. By neglecting the bulk lifetime (τb→∞, we can get the maximum
value of the surface velocity from this equation. The injection level‐dependent Seff with and
without annealing is plotted in Figure 27. Comparing the results of the as‐deposited and
annealed, one can see that the low‐temperature annealing leads to the decreasing of the surface
recombination, especially in the range of the low injection levels. The as‐deposited sample has
a surface recombination of about 150 cm/s. The annealing at 230 °C for 11 min results in the
decrease of Seff above the injection level of 1 x 15/cm3 and increase of Seff below the same level.
This abnormal increase in Seff possibly stems from the excitation of the adsorbed atoms in the
circumstance, which acts as the additional recombination centers to deteriorate passivation
effect. Subsequent annealing at higher temperatures causes the continuous decreasing towards
the injection level of 2.8 x 16/cm3, where the Auger recombination plays a dominant role and
the curves tend to converge. At the temperature of 420 °C, the lowest surface recombination
velocity is 60 cm/s at the injection level of 1 x 15/cm3. It should be emphasized that this Seff value
is the upper limit because of the adopting of an infinity assignment for the bulk lifetime.

Figure 27. Injection level‐dependent surface recombination velocity of the as‐deposited sample and that annealed at
different temperatures.

3.2.1.5. The high as‐deposited lifetime values in the case of semi‐remote LFICP

The present as‐deposited lifetime value of 234 μs is much higher than that reported in
literatures, where PECVD or HWCD methods were used to deposit the passivation a‐/μc‐Si‐
H layer. Jan‐Willem et al. [62] summarized the passivation effects of a‐Si:H deposited by
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various methods: 34 μs for PECVD, 43 μs for VHF PECVD, and 87 μs for HWCVD. In principle,
passivation can be physically divided into two types, i.e., hydrogen‐related chemical passiva‐
tion and built‐in potential related field passivation. In the former, defect density can be
remarkably lowered due to the reduced number of dangling bonds which is terminated by
hydrogen atoms. With regard to the filed passivation, a‐/μc‐Si:H has a wider band gap than
crystal silicon substrate, which results in a barrier on the interface preventing the recombina‐
tion of photogenerated carrier pairs through the surface/interface defects.

It has been shown that the pre‐deposition hydrogen plasma exposure significantly influences
the surface passivation (see Figure 23). In the post‐deposition annealing, the interaction
between hydrogen atom from the passivation layer and the c‐Si substrate is crucial to the
surface passivation. Mitchell et al. [66] studied the thermal activation of the hydrogen‐related
chemical passivation on silicon substrate and determined the thermal activation energy of EA

through the following formula:

1 / exp(- / )reac A BA E k Tt = (6)

where τreac is the reaction time between hydrogen atoms and silicon atoms, EA the activation
energy of surface passivation, kB the Boltzmann constant, and T the temperature. According
to Equation (6), a low EA value will point to a high reaction rate 1/τreac or a short reaction time
τreac. In earlier works [33, 39], we analyzed the effect of high‐density hydrogen plasma on the
crystallization mechanism of LFICP‐grown μc‐Si:H. Abundant atomic hydrogen resulting
from the dissociation of SiH4 and H2 will result in high surface coverage by hydrogen, which
reduces the activation energy EA and the reaction time τreac. In addition, high‐density excited
hydrogen atoms will recombine with the precursor of Si‐H in the way described by the reaction
H + Si‐H→Si‐ + H2 (with the dangling bond Si‐). This recombination process can produce
effective local plasma heating on the growing surface, which will contribute to the hydrogen
atom transport to the interface and bulk silicon and a considerable lifetime value even without
any additional thermal annealing.

3.2.1.6. Incubation layer and its thickness control

Figure 28(a) [(b)] shows a low‐ (high‐) magnification cross‐sectional TEM micrograph of
LFICP‐grown μc‐Si:H on silicon substrate. In Figure 28(a), a clear incubation layer (dark area)
between the film and substrate is discriminated like in SEM images. Figure 28(b) exhibits more
details of the interface. The grey area in the film corresponds to the microcrystalline Si fractions,
which are conical conglomerates of microcrystals. As observed above, the incubation layer is
detrimental for the improvement of lifetime and its thickness is highly dependent on the
process parameters, e.g., the applied RF power in present experiments. Therefore, a deep
understanding on the mechanism to control the formation of incubation layer is extremely
important. It was recognized that the ion bombardment played a crucial role in the formation
of incubation layer [67]. The ion beam works in two possible ways, namely (i) a surface effect:
very small grains do not survive the high dose of ion irradiation, thereby reducing the
nucleation rate, (ii) a bulk effect: the ion beam induces defect‐related grains growth. Accord‐
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ingly, two strategies [67] to control the ion beam were proposed: the choice of the frequency
of the power source generating the plasma, and the design of the electrode configuration to
avoid its formation. In present antenna‐substrate distance d = 33 cm, most of the ions/electrons
energy is around several eVs, below the threshold value of 16 eV for defect formation for Si.
Therefore, the lengthened distance d makes it possible to minimize the effect of the ion
bombardment to an acceptable level.

Figure 28. A typical cross‐sectional TEM micrograph of LFICP‐grown μc‐Si:H films on Si substrate at low (a) and high
(b) magnification.

From the point of view of a growth mechanism, the key to diminish the initial growth of
incubation layer seems to be the rapid nucleation without retard on the interface. In present
experiment, this occurs at the power of 2.0 kW, near the transition point (1.8 kW) from a‐Si:H
to μc‐Si:H. This is consistent with some authors’ findings that the good passivation effect is
obtained with microcrystalline‐oriented passivation layers, where the depletion fraction of
SiH4 is comparatively higher than that of amorphous regimes [52, 68]. In the current study,
although the silane depletion was not experimentally measured at certain RF power, the high
depletion fraction at the power of 2.0 kW is expected. The detailed relation between the
depletion fraction and the incubation time in the growth of a‐/μc‐Si:H needs to be further
clarified.

3.2.1.7. Passivation of low resistivity c‐Si

It is more difficult to passivate a lower‐resistivity Si surface due to the defect associated with
more recombination. However, the lower‐resistivity wafer is more meaningful in practical
solar cell application. In this part, two types of wafers have been investigated: p‐type (100), 2
Ωcm, and n‐type (100), 3 Ωcm wafers. The process parameters such as discharge power,
substrate temperature, dilution ratio, and post‐deposition annealing have been widely
explored to improve their surface passivation. Figure 29 shows the effective minority carrier
lifetime τeff in the n‐type 3 Ωcm c‐Si passivated with a‐Si:H deposited at different substrate
temperatures. τeff drastically drops from 164 μs to 25 μs with increasing substrate temperature
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from room temperature to 140 °C. This is possibly originated from the local epitaxial growth
or reduced hydrogen content with increasing temperature.

Figure 29. As‐deposited lifetime values as a function of the substrate temperature. The other parameters are: SiH4:H2 =
12.5:12.5 (in sccm), discharge power 1.5 kW.

Figure 30 displays τeff in both types c‐Si passivated by a‐Si:H deposited from hydrogen‐diluted
silane with different dilution ratios (H2/SiH4). The discharge power and substrate temperature
were kept at 2.0 kW and room temperature, respectively. The flow rate of SiH4 and H2 is 20:0,
12.5:12.5, 8.3:16.7, 5:20, corresponding to the hydrogen dilution ratio of 0, 1, 2, and 4, respec‐
tively. τeff reaches its maximum values at the dilution ratio of 1 in both p‐ and n‐type c‐Si. Based
on the above analysis on passivation, the higher depletion of silane and reduced incubation
layer are expected. Figure 31 shows the discharge power‐dependent lifetime values, which
reached its maximum at RF power of 2.5 kW. Above 2.5 kW, τeff begins to drop again.

Figure 30. As‐deposited lifetime values in both type c‐Si passivated by a‐Si:H grown from hydrogen‐diluted silane
with different dilution ratios.

Chemical Vapor Deposition - Recent Advances and Applications in Optical, Solar Cells and Solid State Devices214



Figure 31. As‐deposited lifetime values in N‐type 3 Ωcm c‐Si passivated by a‐Si:H grown under different RF powers.

The optimized lifetime results of these two types of low‐resistivity c‐Si have been shown in
Figure 32. At the specific excess carrier density of 1015/cm3, the lifetime value is 305 and 150
μs for the n‐type 3 Ωcm and p‐type 2 Ωcm c‐Si, respectively. It should be noted that these
results are as‐deposited values without post‐deposition annealing. Unfortunately, post‐
deposition annealing cannot improve the lifetime values anymore in the present low‐resistivity
c‐Si substrates. The hydrogen chemical annealing mentioned above has already raised the
lifetime values to its maximum during the deposition process.

Figure 32. Injection level‐dependent minority carrier lifetime in two types of low‐resistivity c‐Si wafers: p‐type, 2 Ωcm
and n‐type, 3 Ωcm.

Although the as‐deposited values without post‐deposition long time annealing are much
bigger than that reported in references, the present lifetime values are still lower than the ms
level results in the literatures. The plasma density in the growth region has already been
reduced a lot by increasing the antenna‐substrate distance d to 33 cm. The semi‐remote LFICP
grown a‐/μc‐Si provides a very high as‐deposited lifetime value in c‐Si (low and high resis‐
tivity). In turn, these high as‐deposited lifetime values reflect the still high‐density plasma in
the present growth area, which provides effective chemical annealing during the growth
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process. On the other hand, the high‐density plasma makes the growth surface exposed to a
pronounced ion bombardment, which will damage the interface between the substrate and
the passivation layer. In terms of process parameters, the high‐discharge power points to the
high silane depletion. Meanwhile, the ion bombardment on the substrate is inevitably
enhanced under the increasing discharge power. In this sense, the key to improve the passi‐
vation effect lies in how to balance the silane depletion and ion bombardment on the interface.

3.2.2. Introduction of CO2 into the reactive gas

a‐Si:H is easy for (partially) epitaxial growth on c‐Si even at low deposition temperatures,
which will severely reduce the carrier lifetime values and thus the photovoltaic performance
of HJ solar cell [56]. Incorporation of O into the amorphous silicon network can effectively
suppress the epitaxial growth [69]. In the aspect of optics, the inherent blue light loss in a‐Si:H
layer also restricts the solar cell optimization. As a consequence, wide‐banded Si‐based
materials become a promising candidate. Thermally grown SiO2 provides a state‐of‐art level
of surface passivation with a reduced surface recombination velocity as low as 2 cm/s [54].
However, the thermally grown SiO2 suffers from the inherent disadvantages such as extremely
high process temperature ((1000 °C) and low deposition rate. As a consequence, non‐stoichio‐
metric silicon oxide (SiOx) based on non‐thermal deposition methods have been proposed as
an alternative to SiO2. Apart from conventional PECVD and ESR, VHF‐PECVD (13.56–110
MHz) has also been used to grow SiOx:H for c‐Si passivation [70, 71]. Mueller et al. [71]
investigated the RF frequency effect on the passivation behavior for n‐type FZ silicon wafer
(resistivity (0.5 Ωcm) and obtained the minority carrier lifetime of 480 μs at the optimum
frequency of 70 MHz. Hydrogen‐diluted SiH4 acts as the feedstock gas, whereas the oxygen
source varies from oxygen gas [72] to various composites such us N2O [73] and CO2 [74].

In this section, CO2 is introduced into the reactive gases of SiH4+H2 and efficiently dissociated
in the LFICP system. The discharge power is set at 1.8 kW, flow rate of both SiH4 and H2 are
12.5 sccm, and no external heating is applied to the substrate. Various flow rates of CO2 are
introduced into the deposition chamber. The microstructure evolution with the introduction
of CO2 in the obtained films is investigated. Two types of c‐Si wafers: n‐type, 3 Ωcm and p‐
type, 2 Ωcm, are passivated by these films. The underlying passivation mechanism is analyzed.

Figure 33 shows Eg and deposition rate as functions of CO2 flow rate. The incorporation of
CO2 into the reactive gases results in the effective widening of band gap Eg and the pronounced
decrease in the deposition rate. Eg increases by about 0.3 eV with CO2 increased from 0 to 12.5
sccm. According to Watanabe [75], SiO:H is a two‐phase material with an island of SiO in a
matrix of a‐Si:H. In their two‐phase model, the oxygen‐rich phase is effective in increasing Eg

and the Si‐rich phase contributes to high conductivity. The widened Eg is beneficial to the light
transmittance through the window layer when SiOx:H is used as the window layer. Actually,
Sritharathikhun et al. has succeeded in fabricating SiOx:H HIT solar cell on n‐type [76] and p‐
type [77] silicon substrate and obtained the competitive photovoltaic performance efficiency
of 17.9% for n‐type substrate, and 15.3% for p‐type substrate.
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Figure 33. Deposition rate and optical band gap Eg evolution with CO2 flow rate.

Figure 34 shows the FTIR absorbance spectra of the corresponding films. Besides the Si‐H
waging/rocking signal ((640 cm−1) and Si‐H stretching signal ((2100 cm−1) usually observed in
a‐Si:H, some oxygen and carbon‐associated modes appear. The Si‐C stretching mode, which
couples with the doublet signal of (SiH2)x ((845–890 cm−1) in the case of low CO2 flow rate,
grows stronger, and eventually dominates the latter. The Si‐O‐Si stretching mode located
around 1100 cm−1 gradually shifts from 1107 to 1120 cm−1. The former and latter are assigned
to the nature of SiO2 and SiOx, respectively [78]. At minor CO2 addition, the distinct peak at
1107 cm−1 is possibly due to the remaining oxygen in the deposition chamber. The consecutive
increase of CO2 makes the structure change from SiO2 to SiOx. Another effect of CO2 addition
is the shift of the Si‐H stretching signal, indicating the incorporation of O into the Si‐H bond.
In literatures, carbon was regarded as being excluded because of the formation of volatile CO.
However, the FTIR method tracks carbon in the form of Si‐C bond in our experiment. There‐
fore, the obtained films can be strictly denoted as SiC1−xOx:H.

Figure 34. FTIR absorptance spectra of the deposited films with varying CO2 flow rates.
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About 60 nm thick SiC1−xOx:H films were deposited on both sides of the two types of c‐Si
substrate and the surface passivation was examined by the method of steady‐state photocon‐
ductance decay method described above. Figure 35 shows the effective lifetime values of these
two substrates passivated by the SiC1−xOx :H films deposited with different flux of CO2. At first
glance, τeff degrades with the increasing addition of CO2. This should be correlated to the
increasing defect from the introduction of C and O into the network. However, incorporation
of minor CO2 is beneficial to the surface passivation. As an example, lifetime τeff has a highest
value at flux of 2.5 sccm (1.25 sccm) in n‐type (p‐type) c‐Si. The optimized injection level‐
dependent lifetime values before and after thermal annealing (275 °C, 30 min) have been
presented in Figure 36. The obtained best results for n‐type 3 Ωcm and p‐type 2Ωcm are 313
and 166 μs at the specific carrier density of 1015/cm3, respectively.

Figure 35. The as‐deposited lifetime values in two types of c‐Si substrates passivated by SiC1−xOx:H deposited with dif‐
ferent flux of CO2. The lifetime values are taken at the specific excess carrier density of 1015/cm3.

Figure 36. Injection level‐dependent lifetime values in the substrate of n‐type 3 Ωcm (a) and p‐type 2 Ωcm (b) before
and after the thermal annealing. The fluxes of CO2 are 2.5 and 1.25 sccm in (a) and (b), respectively.
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In order to clarify the passivation mechanism for the LFICP‐grown SiC1−xOx:H, high‐frequency
(1MHz) C‐V measurements were performed on a metal‐semiconductor‐insulator (MIS)
structure shown in the inset of Figure 37. The insulator layer is SiC1−xOx:H material. The front
contact is a small Al dot with a diameter about 0.5 mm and the rear contact is sheet Al. Al
electrode was deposited by the method of magnetron sputtering. The amplitude of the AC
signal was 10 mV. The work function difference of Al and silicon was kept at −0.85 V [79]. The
recorded C‐V curve is shown in Figure 37, from which a fixed charge density of −2.7×1011/cm2

was deduced. However, this level is not high enough to contribute to the field passivation,
which is usually accompanied by a fixed charge density of the order of 1012/cm2 [74]. Therefore,
the passivation effect of the present SiC1−xOx:H mainly stems from the chemical passivation
like in a‐Si:H case.

Figure 37. The C‐V curve of the metal‐semiconductor‐insulator (MIS) structure, from which the fixed charge in the in‐
sulator can be deduced.

3.3. c‐Si surface passivation by remote LFICP CVD a‐Si:H

In subsection 3.2.2, reactive gas CO2 was introduced into SiH4+H2 to improve the c‐Si surface
passivation. The introduction of CO2 can widen the optical band gap of the passivation layer,
and simultaneously suppress the partial epitaxial growth of the passivation layer on c‐Si. The
passivated sample exhibits high as‐deposited lifetime values, whereas the lifetime values
cannot be enhanced effectively after post‐deposition annealing. It is believed that the frequent
ion bombardment from the high‐density plasma should be responsible for these two effects:
it conveys energy to the growing surface acting as plasma annealing, and possibly results in
damages to the interface. The damaged interface will define the hydrogen diffusion to the
interface when annealing and results in a limited enhancement in lifetime. One possible
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solution is to keep the substrate away from the plasma generation space. In this section, the
antenna‐substrate distance d is further enlarged to d = 53 cm to form remote plasma, and thus
further decrease the ion bombardment on the surface.

Figure 38 shows the lifetime τeff curves before and after the thermal annealing in 275 °C for
different durations. In Figure 38(a), the as‐deposited τeff value is 3 μs, and τeff surges upon
annealing. The similar behavior is observed in the case of the n‐type 4 Ωcm c‐Si. The saturation
values of 295 and 716 μs are achieved in p‐type 1 Ωcm and p‐type 4 Ωcm c‐Si, respectively.
The lifetime values τeff reaches their maximums at annealing duration of 45 min. The present
annealing behavior is different from that in the case of antenna‐substrate distance d = 33 cm.
Herein, τeff is improved by more than two orders of magnitude after thermal annealing. This
fact supports the assumption of the ion bombardment effect accompanying with a lower
distance d value.

Figure 38. Injection level‐dependent lifetime values in the p‐type 1 Ωcm (a) and n‐type 3 Ω cm (b) c‐Si, before and after
the thermal annealing. The thermal annealing was conducted at 275 °C in N2 atmosphere for different durations.

In a narrow tunable working pressure range, we have compared the lifetime curve of the
passivated samples under different pressures. Figure 39 shows the comparison between the
two discharge pressures of 0.2 and 1.0 Pa. The lifetime values are measured in the passivated
c‐Si substrates (n‐type 4 Ωcm) before and after the thermal annealing treatment. The as‐
deposited lifetime values at 0.2 Pa are much greater than that at 1.0 Pa. Nevertheless, the vice
verse is true after the thermal annealing. As mentioned above, a higher pressure means a
smaller mean free path of the particles and a higher deposition rate. A faster growth can
minimize the partial epitaxial growth of a‐Si:H on c‐Si surface. In addition, the lower‐pressure
mode possibly still causes some surface defects which limit the beneficial effect of thermal
annealing.
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Figure 39. Injection level‐dependent lifetime curves of the n‐type 4 Ωcm c‐Si passivated by a‐Si:H deposited under dif‐
ferent working pressures.

Figure 40 shows the lifetime curves in two types of c‐Si substrates passivated by a‐Si:H
deposited under two temperature points of RT and 140 °C. For the p‐type 2 Ωcm c‐Si substrate,
substrate temperature does not strongly influence the lifetime curve. In comparison, increasing
temperature from RT to 140 °C deteriorates the lifetime value severely in n‐type 4 Ωcm c‐Si
substrate. This difference is possibly from the different conductivity values which strongly
influence temperature‐dependent hydrogen diffusion on the surface or at the interface. The
detailed mechanism needs further study to clarify.

Figure 40. Injection level‐dependent lifetime curve of two types of c‐Si substrates passivated by a‐Si:H deposited under
different substrate temperatures.
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Figure 41 shows the best lifetime results we obtained in three types of c‐Si substrates. At the
excess carrier density of 1015/cm3, the best lifetime values are 1.3 ms, 620 μs, and 290 μs for the
n‐type 4 Ωcm, p‐type 2 Ωcm, and p‐type 1 Ωcm c‐Si substrates, respectively.

Figure 41. The best lifetime curves obtained in three types of c‐Si substrates passivated by a‐Si:H deposited in remote
LFICP with an antenna‐substrate distance of 53 cm.

3.4. c‐Si passivation by stack configuration and implied Voc

It is well known that the passivation effect is strongly dependent on the passivation layer
thickness. In a practical HIT solar cell, the total thickness of deposited functional layer on one
side is several tens of nanometers, less than the commonly used thickness of 50 nm in passi‐
vation studies. In addition, in a practical HIT solar cell, the passivation configuration is a stack
of intrinsic and doped a‐Si:H layers instead of above only intrinsic layer. Therefore, it is
important to study the stack layer passivation configuration for the HIT solar cell applications.
The passivation effect associated open‐circuit voltage, namely, the implied Voc, can be also
determined from the QSSPC method. Using this method, we can estimate Voc of the solar cell
precursor (without the metallization procedure).

Intrinsic and doped a‐Si:H films were symmetrically deposited on the p‐type 1 Ωcm c‐Si
substrates to form the passivation configurations of n/i/P‐c‐Si/i/n or p/i/P‐c‐Si/i/p. This stack
passivation scheme combines the chemical passivation (by intrinsic a‐Si:H) and the field
passivation (by doped a‐Si:H). As an example, Figure 42 shows the field passivation by p‐a‐
Si:H in (a) and the combination of both passivation mechanisms in (b). Addition of a p‐doped
layer introduces an additional electrical filed to hinder the minority diffusion to the surface.
The barrier ФBSF exponentially reduces the concentration of minority at the interface and thus
the surface recombination. In Figure 42(b), the interface defect density is reduced by the
chemical passivation of addition of an intrinsic layer. Then, the solar cell precursor with the
structure of n/i/P/i/p was fabricated to estimate the lifetime values. In these structures, the
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intrinsic and doped layer thicknesses are about 5 and 15 nm, respectively, estimated from the
average deposition rate at corresponding deposition conditions. Figure 43 shows the lifetime
curves in different passivation configurations. Lifetime value τeff in p/i/P/i/p is much lower
than that in n/i/P/i/n. It is reported that B dopant is prone to react with Si atom to form complex,
increasing the interface defect density [80].

Figure 42. The filed passivation created by p‐doped a‐Si:H (a), and the combination of chemical surface passivation
and field passivation in a stack of an intrinsic and p‐doped layer (b).

Figure 43. The injection level‐dependent lifetime values in the p‐type 1 Ωcm c‐Si passivated by symmetric and asym‐
metric structures consisting of intrinsic and doped a‐Si:H.
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The relation between Voc and effective lifetime τeff can be expressed as [81]:

2

2 ( )
= ln ph eff A

oc
i

J N nkTV
q qn W

t + D
(7)

where Jph is the photocurrent density, NA the background dopant density, and ni the intrinsic
carrier concentration in silicon. As expected, a high lifetime value corresponds to a high Voc.
In our p‐type 1 Ωcm Si (thickness of 300 μm), the implied Voc is about 670 and 620 mV corre‐
sponding to the solar cell precursor (n/i/P/i/p) lifetime of 150 and 64 μs, respectively.

4. Conclusions

As a low‐temperature plasma source, LFICP has the inherent advantages of high‐density
plasma, low sheath potential, and low electron temperature, etc., which deserves an excellent
CVD route. In LFICP CVD, the parameters of the RF power, hydrogen dilution, working
pressure, and substrate temperature significantly influence the microstructures and properties
of the films. The ion bombardment on the growing surface in LFICP CVD can be effectively
controlled by the parameter of antenna‐substrate distance d, providing an additional way to
tune the microstructures and properties of Si‐based materials.

The passivation effects of LFICP CVD Si‐based materials are strongly dependent on the plasma
configuration. In a region not far away the plasma generation area (semi‐remote LFICP), the
passivated c‐Si shows a high as‐deposited carrier lifetime due to the hydrogen‐related chemical
annealing during the deposition process. However, the additional thermal annealing does not
lead to a considerable increase in the lifetime value. The addition of CO2 into the reactive gases
substantially influences the microstructure of the obtained thin films and improves the
interface quality. In the region far away from plasma generation region (with a high antenna‐
substrate distance, remote‐LFICP), a‐Si:H passivated c‐Si shows a low as‐deposited and a high
post‐deposition annealing lifetime value. The highest lifetime value of 1.3 ms after thermal
annealing is obtained in passivated 4 Ωcm c‐Si substrate. After being passivated by the device‐
like scheme of undoped/doped silicon film stack, p‐type substrate (1 Ωcm, 300 μm) shows an
implied open voltage of 670 mV.
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