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Hydrogenated polymorphous silicon (pm-Si:H) is a suitable candidate for application in silicon-based thin film
solar cells because it exhibits improved electronic transport properties and stability with respect to conventional
hydrogenated amorphous silicon (a-Si:H). The use of chlorinated precursors to grow pm-Si:H thin films in a plas-
ma enhanced chemical vapor deposition systems increases photoconductivity and photo-stability, which is one
of the most desired aspects for modern solar cell applications. However, the effects of chlorine and hydrogen
chemistry should be more extensively studied because it may lead to the generation of a secondary SiOx phase,
after exposure to the ambiance and/or during the growth processes. In the present work, X-Ray photoelectron
spectroscopy results showed the depth profile of oxygen in the polymorphous silicon thin film. Finally, we
have analyzed the effect of different concentrations and profile of oxygen on the electronic transport properties
by means of dark and photoconductivity analysis. Sample with high crystalline fraction and oxygen concentration
showed an increase in photo-stability and conductivity due to the passivation of free terminal bonds with oxy-
gen. Understanding chemical and structural properties of pm-Si: H thin films based on chlorine, with additional
oxygen incorporation to the films, is a key towards optimizing their electrical and optical properties for the prac-

tical implementation of solar cells.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogenated polymorphous silicon (pm-Si:H) is one of the promis-
ing materials for thin-film solar cells due to its lower density of localized
gap states and better transport properties [1]. Furthermore, it exhibits
improved stability with respect to hydrogenated amorphous silicon
(a-Si:H) after light-soaking experiments [2,3]. Normally, pm-Si:H films
have been deposited using highly diluted silane (hydrogen mixtures)
in a plasma enhanced chemical vapor deposition (PECVD) process.
The use of high hydrogen dilutions is necessary to obtain thin films
with sufficient crystalline fraction and lower density of localized gap
states, however, at the same time, it also invokes the excessive incorpo-
ration of weak Si—H bonds into the a-Si thin-film, which is unsuitable
for photovoltaic applications [4-6]. In the earlier reports, the use of sil-
icon chlorinated precursors, as SiH,Cl, and SiCly, has been used aiming
at the improvement of material properties [5-9]. The use of chlorine
in PECVD processes has shown many advantages such as i) increasing
crystallization processes, in contrast with SiHy, ii) post thermal
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annealing is not necessary for the formation of nanoparticles and iii)
minor incorporation of weak Si—H bonds, which could favor the stabil-
ity of thin films [10,11]. Until date, there exist many reports about the
different nucleation and growth mechanism for the crystallization pro-
cess of silicon thin films [12,13]. However, the chlorine-terminated sur-
face with a strong electronegative state can preferentially react with
residual oxygen and water vapor (hydrolysis reaction) forming SiO
and SiOH complexes with a higher degree of disorder in the network.
This process could occur due to the preferential abstraction of H and
Cl from the growing surface because the coexistence of H and Cl is
chemically and thermally unstable [14]. Even, silicon oxide materials
are being investigated for their use in thin film silicon solar cells because
they exhibit low absorption and low refractive index, owing to the in-
corporated oxygen [15-19]. Furthermore, it has been shown that a
small amount of oxygen in a pc-network, could result in a wide band
gap material, with a reasonable conductivity and could also result in
the decay of electrical properties of the films [ 16]. As well, it has been re-
ported that the electronegativity of the oxygen atoms and its incorpora-
tion into an a-Si:H network could cause the formation of dangling bonds
[17]. As mentioned above this could cause the formation of a more dis-
ordered structure, resulting in the decrement of electrical properties of
the thin films. However, in the case of pm-Si:H films there are no
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reports, until now, which demonstrates the influence of oxygen corpo-
ration in the matrix.

In this work, we examined the role of oxygen concentration on the
structural parameters and its relative effect on the optoelectronic
properties of pm-Si thin films over time, deposited by PECVD using
dichlorosilane. We analyze the effects of light-soaking annealing on
the conductivity measurements (dark and photo, respectively), oxida-
tion level, crystalline fractions and chemical composition of the pm-
Si:H thin films for various optoelectronic applications.

2. Experimental

pm-Si:H thin films were grown in a conventional PECVD system
with parallel plates of 150 cm? and 1.5 cm apart, activated by an RF
signal of 13.56 MHz, using a mixture of SiH,Cl, (99.99%) and H,
(99.999%) [7,20]. Depositions were performed at two different pres-
sures of 33.33 and 66.66 Pa and at H, flow rates of 25, 50, 75 and
100 sccm, keeping the other deposition parameters constant. Hydrogen
dilution ratio, Ry was maintained during the depositions as (Ry =
H,/(SiH,Cl; 4+ H,). Nano-structural characterization of the samples
was performed using Raman spectroscopy with a Horiba Jobin-Yvon tri-
ple monochromator; further details can be reviewed at [7,10]. X-ray
photoelectron spectroscopy (XPS) analyses were performed in an
ultra-high vacuum (UHV) system VG-Scientific Microtech Multilab
ESCA2000, with a Mg K_ X-ray source (hv = 1486.6 eV), and a
CLAM4 MCD analyzer. The surface of the samples was etched for
15 min with 3:0 kV Ar* at 0.04 pAmm™~2. The XPS spectra were obtain-
ed at 55 degrees to the normal surface in the constant pass energy mode
(CAE), E0O = 50 and 20 eV for surface and high-resolution narrow scan,
respectively. The peak positions were referenced to the background sil-
ver 3ds/, photopeak at 368:20 eV, having a full width half maximum
(FWHM) of 1:00 eV, and C 1s hydrocarbon groups at 285:00 eV central
peak core level position. The XPS spectra were fitted using the SDP v 4:1
program.

Fourier transform infrared (FTIR) spectra of the films were recorded
in absorbance mode using a Nicolet-210 FTIR spectrometer in the range
400-4000 cm ™' on thin-film samples deposited on single side polished
crystalline silicon substrates. Optical properties were deduced from the
absorption spectrum by a JASCO V630 UV-VIS spectrometer and using
the Tauc Model [21], and the films thicknesses were obtained by typical
profilometry and were cross-checked by cross section micrographs
from scanning electron microscopy (SEM).

The light soaking treatment was realized in homemade equipment
based on a Faraday shield, which isolates electrical and optical noise.
The dark conductivity, 04, and photoconductivity, Opp, were obtained
by two-point probes method. Fixed voltage was applied, and further,
dark and photocurrents were calculated respectively. Calculations
were made using the following formula [19]:

L-d-V M

Where I is the loop current, W is the electrodes width, L is the length
of the electrode, d is the film thickness, and Vis the bias voltage. The fac-
tor photoconductivity is very important characteristic for the quality
check of optoelectronic devices as it is directly correlated with the pa-
rameter put ( inversely proportional to the concentration of dangling
bonds in the thin film).

Growth conditions of the samples, results of structural parameters
(Crystalline Fraction: X. and the average size of silicon nanoparticle:
Dg) and oxygen concentration (subdivided into two different groups
depending on concentration) are termed (N with less oxygen concen-
tration and O with more oxygen concentration) are summarized in
Table 1.

Table 1
Growth conditions and structural parameters of the samples of pm-Si: H thin films depos-
ited by PECVD and are organized according to low and high oxygen concentrations.

Structural
parameters

Growth conditions

RF power density = 150 W, flows: Ar = 50 sccm and
SiH,Cl, = 5 sccm.
Tsubstrate = 200 °C. Time of growth 30 min

Sample Pressure [Pa] Dilution Ry [%] Growth rate (nm/min) Xc[%] Dg[nm]

Samples with oxygen concentration < 15%

N1 66.66 90.9 8.2 65 3.1
N2 3333 93.8 10.1 69 32
N3 33.33 833 9.1 70 2.7
N4 3333 90.9 10.8 83 2.4
N5 66.66 833 7.8 92 2.8
Samples with oxygen concentration > 25%

01 3333 95.2 11.8 94 42
02 66.66 95.2 104 94 34
03 66.66 93.8 9.4 95 33

3. Results and discussion

For the better understanding, the samples in Table 1 are separated
depending on the oxidation level based on the results obtained from
XPS analysis (Fig. 1). Further, depending on the oxygen concentration,
samples are subdivided into two groups such as <15%, designated as
N1, N2, N3, N4 and N5, and >25% labeled as O1, 02, and 03. Moreover,
structural parameters illustrated in Table 1 were also obtained from
deconvolution analysis of Raman spectra as demonstrated in our previ-
ous work [7]. It can be observed from Table 1 that the samples 01, 02,
and 03 have the highest structural parameters which include the factors
like crystalline volume fraction, X, and the mean grain size, Dg, which
indicates the highest degree of crystallization of these thin films. Be-
sides, we can see that these samples were grown at high hydrogen dilu-
tion, Ry, and high deposition pressure. Incrementing above mentioned
conditions (deposition pressure as well as hydrogen dilution) in the
growth process could cause subsequent decomposition of precursors
gas more efficiently and as well could promote the effective interaction
of atomic H, Si—H, and Si—Cl bonds. It could result in a higher density of
nucleation sites and increased chlorine extraction from the thin film.
Furthermore, it could also cause an enhancement of ion bombardment
and attack on the growing surface [10]. This can be cross confirmed in
the form of surface porosity of thin films which could promote the
post-deposition oxidation by hydrolysis reactions in response to
exposure.

3.1. XPS analysis

Fig. 1 shows the high-resolution XPS spectra (deconvolution) re-
sults. Depending on the preparation conditions, it can be observed the
incorporation of terminal chlorine into Si-O-Cl bonds type, which
could produce stoichiometric Si—O oxidation states below the growing
surface of the thin film, without preforming Si—Cl bond type. In the XPS
analysis, five oxidation states have been identified for silicon; these
chemical states are directly related to the oxygen present in the thin
film and are promoted by the presence of chlorine, corresponding oxi-
dations states are as; Si. Si»0, SiO, Si»O3 and SiO,, respectively.

From the deconvolution of the different oxidation states, binding en-
ergy (BE) for the Si 2p core level were determined as; Si° BE = 99.50 eV,
Si'* at 100.45 eV, Si** at 101.25 eV, Si** at 101.98 eV and Si** at
103.40 eV. On the other hand, for O-1s core level corresponding oxida-
tion states were determined as, 0!~ BE = 531.45 eV, 0%~ in 532.29 eV,
0% in 532.33 eV and 0% in 532.77 eV. Likewise, it was observed that
Cl-2p is found in small proportions within the films and its main activity
is to stabilize the surface of the thin film [22,23]. The most abundant
chlorine content was determined in sample O3, with 5.2% in elemental
proportion [24]. Quantitative analysis performed by XPS in most cases
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Fig. 1. Representative deconvolutions of the Si-2p, 0—1S and Cl-2p peaks for samples 01, 02 and 03 deposited at different growth conditions.

use empirical calibration constants (called atomic sensitivity factors,
ASF) derived from standards, measuring the peak areas of elemental
core level (I) and by applying ASF, using the equation:

Cx = (Ix/ASFx)/ (Z Ii /ASFi)

where Cx is the atomic fraction of element x in a sample. The sensitivity
factors can be calculated theoretically or derived empirically from the
analysis of standard samples. Peak areas are defined by applying an ap-
propriate background correction across the binding energy range of the
peaks of element core level.

From the analysis illustrated in Fig. 1 of XPS, elemental concentration
of different species has been reported in Table 2.

These samples were grown at a dilution Ry = 93.8% and a pressure
of 66.66 Pa, presenting the slowest growth rate of the film in the order
of 9.4 nm/min. This could cause the chlorine to be trapped in the struc-
ture of the sample. On the other hand, sample 02 grown at the same
pressure but with a higher dilution Ry = 95.2%, showed a higher growth
rate (see Table 1) and lower chlorine concentration of 1.7%. Finally, sam-
ple O1 with a lower pressure than the previous ones of 33.33 Pa, but the

Table 2

Elemental concentration percent calculated by XPS.
Sample Si (o] Cl
01 50.7 454 39
02 61.1 37.2 1.7
03 453 49.5 52

*Uncertain estimated is 5% in standard deviation.

same Ry as that of sample 02, presents the greater speed of growth with
an atomic percentage of 3.9% of Cl.

Due to specific conditions of preparation and growth of the samples,
two oxidation states are not yet defined for the core level of Cl-2p,ps»
with binding energies of 199.29 eV for samples O1 and 02 and a
BE = 200.15 eV for sample O3, respectively. However, at the same
time, no changes are observed in the binding energy of the silicon
oxidation states (Fig.1), suggesting that the chlorine atoms form stable
terminal bonds in Si-O-Cl promoting the oxidation and crystallinity of
the film [25].

It is very probable that the terminal bonds of the chlorine in SiOx-Cl
will be located at the grain boundary or at the boundary of the nano-
crystal facing towards the amorphous zone of the polymorphous film.
It could be the reason that in XPS two distinct oxidation states are ob-
served for Cl-2p. The latter can also be seen in the form of superficial
passivation of the grain boundaries and reason for the greater stability
of the films with higher oxygen content.

3.2. SEM micrographs

The Fig. 2 shows cross section SEM images where comparison of the
porosity in between the samples depending on the high (Oy) and low
(Nx) oxygen concentration could be seen.

From Fig.2 differences in porosity for two samples with different ox-
ygen concentrations (N2 and O1) grown at different hydrogen dilution
(Ry 0f 93.8 and 95.2, respectively) and grown at same deposition pres-
sure can be observed. Greater porosity can be observed for the sample
O1. This visually confirms the fact that the films grown at high Ry,
which showed greater oxygen incorporation, tend to have a porous
structure (as discussed earlier). Moreover, Table 1 shows that the high
pressure and high hydrogen dilutions increase the growth rate and
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enhance the formation of sub stoichiometric oxides (SiOx) due to ambi-
ent exposure, which evidences occurrence of a higher porosity of the
film. Here, the chlorine-terminated surface with a strong electronega-
tive state reacts with residual oxygen and water vapor, which afterward
forms SiO and SiH Oy, complexes which could result in a disorder in the
a-Si network. This signifies that most of the chlorine atoms were con-
sumed for the formation of complex structures, as has been confirmed
by the XPS analysis. The appearance of Si—O related peak in XPS is
the outcome of porous structure formation, which facilitates the absorp-
tion of oxygen on the surface of microvoids when the films are exposed
to the ambiance.

3.3. Fourier transform infrared spectroscopy, FTIR

Fig. 3 show the FTIR spectra of deposited samples accommodated in
the increasing order of Ry for the two different pressures.

Fig. 3 exhibits the absence of Si—H stretching mode around 1900-
2100 cm~ ! for all of the deposited samples. This indicates a better sta-
bility in our samples because this band is related to weak hydrogen
bonds that are prone to generate light induced degradation of the amor-
phous material [26]. Also, the Si,H, wagging mode around 620-
640 cm™ ! is present in all cases, along with the minute presence of
the absorbance band related to (Si—H,), bending modes. All these
modes have been correlated mainly with surface passivation of silicon
nanocrystals in pm-Si:H thin films [10,27-29]. Of these measurements,
it is visible that samples grown at lower hydrogen dilution (Ry) contain
more hydrogen in the matrix and as-well on the surface of the
nanocrystals. Here, the Si—Si bond breaking by atomic hydrogen
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Fig. 2. Representative cross section SEM micrographs of porous oxidized films grown at (a) Ry of 93.8 (sample N2) and (b) Ry 0f 95.2 (sample O1).

enhances the chemical reactivity of SiCld (d: dangling bond) and/or
SiHCl-related complexes more than that of SiHd, because of strong elec-
tron negativity of a chlorine atom. Apart from acting as a terminal bond,
atomic Cl could correspondingly facilitate the removal of H atoms by
breaking Si—H and Si—Si weak bonds which could cause photo-in-
duced degradation of the material while promoting the formation of
nanocrystalline phase.

On the other hand, in concordance with the XPS results, it can be ob-
served in Fig. 4 that the samples 01, 02, and O3 have an absorption band
between 1070 and 1200 cm ™~ ! that is not evident for the films deposited
at lower Ry. This band corresponds to Si-O-Si bond stretching vibration
with a shoulder on the right-hand side due to the contribution of the LO
Si—O vibration mode between 1107 and 1130 cm™ . These particular
absorption peaks have been termed as asymmetric stretching modes
of the Si-O-Si bond [30-32].

Two Gaussian peaks were used (Fig. 4) for the deconvolution of this
band to find the position of Si—-O-Si stretching vibration and the asym-
metric stretching modes of the Si-O-Si bond. This band corresponds to
stretching Si—O absorption band, evidenced by a considerable amount
of oxidation and can attribute to a more porous structure. Likewise, it
supports the fact that the use of SiCl,H; in the PECVD process favors
the formation of nanoclusters within the growing film [23,32,33].

3.4. Optical band gap
The optical bandgap, EgP, of the films was calculated from absor-

bance measurements by the method of Tauc's plot, where Eg of each
sample was estimated using the plot of (ahv)'/? vs. hv [20,21,34]. The
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Fig. 3. Infrared spectra of pm-Si:H films deposited at a pressure of (a) 33.33 Pa and (b) 66.66 Pa showing the absorbance peaks for all samples.
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Fig. 4. Deconvolution of the FTIR characteristic peak at 1075 cm ™. The FTIR spectra for
samples 01, 02, and O3 were obtained from the FTIR spectrum of Fig. 2.

changes in EgP of the films prepared at various Ry values are presented
in Fig. 5 as a function of the crystalline fraction, X, and the average
size of nano-clusters, D

In Fig. 5 we can see how EZ is modified from 1.1-2.1 eV for the sam-
ples with low oxygen concentration (N1 to N5) achieving the highest
optical band gap values. While, the samples 01, 02, and 03, attain Eg”
below of 1.6 eV, with the elevated structural parameters (Xc and Dg).
In general, the optical band gap of pm-Si: H thin films could present a
high range of variation because the material contains both amorphous
and crystalline phases and their optical properties could vary corre-
sponding to the structure of each of these phases. Accordingly, in the
case of a mixed phase of crystalline and amorphous, i.e. nanocrystalline
phase, the band gap should lie in between amorphous and crystalline

22

silicon. The energy band gap,E,, of c-Si is 1.12 eV, and the optical
bandgap located between 1.5 and 2.0 eV is associated with the amor-
phous silicon matrix. Furthermore, changes in EZ” depend on the form
and content of hydrogen bonding. In the earlier experimental studies,
the researchers have determined that the band gap can be additionally
correlated to the total di-hydride content (Si—H;) than local Si—Si
bonding environments and the Si—H bonding [20,35]. However, our
FTIR results did not show peaks related with di-hydride content. It sug-
gests that in our case the variations observed in Eg? are largely related to
the presence of nanocrystalline phase in the thin films. To support this
hypothesis, we can see in Fig. 5 how variations in EgP have a tendency
to decrease with the increase in Dy of embedded nanoclusters which
are randomly distributed in the amorphous network of pm-Si:H thin
films. This behavior could be related to quantum confinement effect
(Q.CEE). According to quantum confinement theory, the optical bandgap

E% depends on the size of the nc-Si as E? = E, + 27 where E, is
g g & " 2uDg g

the bulk material gap and p is the reduced mass of electron-hole pair
[20,32].

On the another hand, the observed EgPvalues in our oxygenated sam-
ples are slightly lower than the normally observed (1.7-1.8 eV) for films
deposited by PECVD technique [36]. Herein, we show that Cl can be in-
corporated into pm-si:H, without provoking a significant change in its
optical band gap, which is carried through abstraction and replacement
of H by Cl species (generated by electron impact dissociation of SiH,Cl,
gas). There are two reasons for the change in the optical band gap in
case of pm-Si:H(Cl) thin films as compared to pm-Si:H. One possibility
is that the optical band gap is changed by the binding energy difference
between bonding species, such as Si—Cl (4 eV), Si—H (3.4 eV) and
Si—Si (2.2-2.4 eV). Another possibility could be due to differences in
the Cl bonding configurations in films deposited from cholorosilanes;
these different Cl bonding configurations may have an effect on the op-
tical band gap [9,36].

Control of depositing thin films with a tunable band gap (varying the
size distribution and the density of the nanocrystals) which can be
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(b) Oxygen Concentration > 25%
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Fig. 6. Time-dependence of dark conductivity, o4, for pm-Si:H thin films separated by level of oxidation by hydrolysis reactions with ambient exposure in a) <15% and in b) above of 25%.

easily tailored by controlling the deposition parameters is useful for fab-
rication of tandem solar cells. Indeed the optical properties depend
mainly on the amorphous matrix while the transport properties, such
as the conductivity, are related to the crystallites size and density [37].

3.5. Dark conductivity

In order to study the impact of the level of oxidation by ambient ex-
posure on dark conductivity (0q) further experiments have been carried
out. Fig. 6 shows time-dependence oy for the samples with a) low and
b) high oxygen concentrations.

Fig. 6 shows difference in the behaviors of 04 for two ranges of oxy-
gen concentration. For the samples N1 to N5 in Fig. 6 a), we can observe
that og remains stable for the first 5000 min, later it falls, except for sam-
ple N1, which is the only sample that has shown increment compared to
other thin films. On the other hand, for the samples O1 and 03 in Fig. 6
b) we can see in general an increase in dark conductivity level (high ox-
ygen concentration) compared to samples N1 to N5, besides, it also
shows an improved stability in 04 during all the time of measurement.
However, under dark conductivity especially for the sample 02, tenden-
cy observed could be correlated with the lower oxygen concentration
obtained from the Table 2 and from the Fig. 4.

The conductivity for the samples with high oxygen concentration
can be stabilized and increased due to the contribution of three factors.
i) Charge transport in highly conductive regions of crystalline material
for samples which have shown the highest X, in Table 1. ii) Conductivity
is enhanced by tunneling in the barriers created by the amorphous ma-
terial in between adjacent crystallite clusters. The electrons will tunnel
between conductive regions at locations of closest approach. As well
these samples have also shown the highest D¢ (Table 1). iii) Conductiv-
ity is also promoted by the depletion regions formed between the
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interfaces of amorphous and crystalline regions, due to the electroneg-
ativity of oxygen which is incorporated as terminal bond.

3.6. Photoconductivity

Results of the photoconductivity, Op,, measurements as a function of
illumination time using white light illumination of 100 mW/cm? (AM
1.5 condition) during continuous light 250 h are shown in Fig. 7. Fig.
7a) corresponds to the sample with a level of oxygen concentrations
<15%, and in b) with a level of oxygen concentrations above than 25%.
The temperature was controlled at 25 °C by heat dissipation.

Fig. 7 a) shows the photoconductivity response during firsts
5000 min for low oxygen concentration samples, whereas, for the lon-
ger duration drastic changes appear later to some of the samples.
While in Fig. 7 b), for the samples O1 to 03, we observe 04 remain stable
with a gradual increase during all light soaking time due to the further
oxidation of the samples.

These results show the contribution on the structural and optoelec-
tronic properties of pm-Si:H thin films of different phases (amorphous,
nanocrystalline), as well as of the passivation of these particular phases
by oxygen. While for nanoparticles with bigger in dimensions, the sur-
face area for interaction decreases, in the present case it appears that
the contact and tunneling effect results in the conduction to increase
overall. In addition, oxygen results in good surface passivation without
leaving any dangling bonds behind. As mentioned above in Section 1,
the decrease in a number of dangling bonds could increase the factor
ur, which could subsequently affect the diffusion length of minority car-
riers in the device. From Fig. 7 (b), the effect of oxygen passivation on
the positive increase of the photoconductivity confirms the above
theory.

Oxygen Concentration > 25%

(b)
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Fig. 7. Photoconductivity versus illumination time for pm-Si: H thin films separated by level of oxidation obtained by hydrolysis reactions with ambient exposure. In a) <15% and in b)

>25%.
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4. Conclusion

In summary, the influence of oxygen incorporation on the structural,
optical and electrical properties of pm-Si: H layer deposited by PECVD is
investigated. Using FTIR and XPS analysis, chemical composition and
oxidation state (Si, O, and Cl) of the polymorphous thin films has been
determined, respectively. From FTIR analysis, absence of weak silicon
hydride (Si—H) bonds while the presence of absorption bond related
to SimHy, was clearly observed. This result is largely related to the better
stability of our samples. As well, it was found that the residual chlorine
atoms induce a higher degree of disorder of a-Si:H:Cl network and pro-
motes the SiO and SiOH complex formation. Samples were subdivided
into two different groups depending on the oxygen concentration.
Finally, conductivity measurements carried out on the pm-Si:H thin
films revealed that the samples with higher oxygen concentration
shown increment in conductivity and photostability as an effect of the
light soaking experiment. Study realized in the present work provides
the basis of detailed chemical study and stability of pm-Si:H thin films
(with oxygen presence) for their use as in the practical implementation
of silicon solar cells in the modern world.
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