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Nanocrystalline silicon suboxides (nc-SiOx) have attracted attention during the past years for the

use in thin-film silicon solar cells. We investigated the relationships between the nanostructure as

well as the chemical, electrical, and optical properties of phosphorous, doped, nc-SiO0.8:H fabri-

cated by plasma-enhanced chemical vapor deposition. The nanostructure was varied through the

sample series by changing the deposition pressure from 533 to 1067 Pa. The samples were then

characterized by X-ray photoelectron spectroscopy, spectroscopic ellipsometry, Raman spectros-

copy, aberration-corrected high-resolution transmission electron microscopy, selected-area elec-

tron diffraction, and a specialized plasmon imaging method. We found that the material changed

with increasing pressure from predominantly amorphous silicon monoxide to silicon dioxide con-

taining nanocrystalline silicon. The nanostructure changed from amorphous silicon filaments to

nanocrystalline silicon filaments, which were found to cause anisotropic electron transport.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953566]

I. INTRODUCTION

Amorphous silicon dioxide (a-SiO2) and silicon subox-

ide (a-SiOx) are well-established and understood materials

with various applications such as insulators in semiconductor

technology. During the past years, hydrogenated nanocrys-

talline silicon oxide (nc-SiOx:H) fabricated by plasma

enhanced chemical vapor deposition (PECVD) has been

developed as a versatile material for use in silicon based so-

lar cells, e.g., as an intermediate reflective layer (silicon ox-

ide intermediate reflector, SOIR) in amorphous-silicon (a-

Si:H)/microcrystalline-silicon (lc-Si:H) tandem solar cells

that increases light harvesting in the a-Si:H top cell.1–3 Since

the electrical and optical parameters of the material are tuna-

ble within a wide range,4 several other applications for solar

cells have been explored. The material has been used as a

transparent n-type5 or p-type contact for heterojunction,6,7

and thin-film silicon solar cells8–11 or as a dielectric layer in

back reflectors for a thin film single-junction12 or double-

junction solar cells.13 For several years, spinodal decomposi-

tion of a-SiOx layers by thermal annealing was used to fabri-

cate silicon nanocrystals (nc-Si) in a silicon-dioxide

matrix.14–17 Moreover, the ability to control the size of the

silicon nanocrystals in a silicon-dioxide matrix is indispensa-

ble in the study of quantum confinement effects.14 Finally,

nc-SiOx is not only a versatile model system for studying

quantum-dot networks but also a candidate material for

silicon-based light-emitting diodes.18

Another approach for fabricating a-SiOx:H and nc-

SiOx:H layers is a PECVD process with carbon dioxide as an

oxygen source.2,8,19 Using this source, Cuony et al.8 found a

significantly increased conductivity compared with other sili-

con oxides, which they related to the formation of a silicon

rich phase. The authors later reported the growth of silicon

nano-filament networks inside the nc-SiOx:H material that

led to strong electrical anisotropy.20

In addition to the [O]/[Si] ratio dependence of the fila-

ment formation, different approaches to tune the crystallinity

were investigated, such as the influence of the hydrogen dilu-

tion21 and the PECVD pressure.22–24 Recent studies have

also shown that the refractive index and conductivity can be

tuned almost independently of each over a wide range.25

The nanocrystalline silicon growth during PECVD is

usually explained by the competition and/or interaction of

three distinct mechanisms. Atomic hydrogen, which is usu-

ally present in large quantities due to the high dissociation

degree and large partial pressure (usually >95%) of H2,

plays the key role in three all growth mechanisms.

According to the chemical annealing model, atomic hydro-

gen diffuses into the growing surface and restructures

bonds.26 Furthermore, it covers the surface and thus enhan-

ces the adatom diffusion length27 and preferably etches weak

amorphous bonds at the same time.28 The addition of the ox-

ygen precursor has been observed to hinder the crystalline

growth to some extent, making more extreme conditions in

terms of hydrogen dilution and dissociation degree neces-

sary. The total pressure is critical for optimizing the deposi-

tion process, because it influences the power density per

molecule (thus dissociation), the particle residence time,

which affects the gas depletion; and the potential difference
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between the plasma bulk and sheath and therewith, the extent

of ion bombardment. The reduction in a crystalline silicon

volume fraction with higher deposition pressure observed in

the samples studied here can be explained by either the

higher silane depletion, which suppresses the atomic hydro-

gen annihilation reaction in the gas phase,29 or reduced ion

bombardment.22

While the refractive index is mainly determined by the

[O]/[Si] ratio,2 the conductivity depends on the nanostructure

and the crystallinity. Therefore, a deeper understanding of

the morphology and how the crystallinity influences the mac-

roscopic electrical properties is of great interest for further

device improvements and new potential applications. Until

now, in most of the studies, the crystallinity of nc-SiOx:H

was treated as one of several dependent parameters and

rarely as the sole subject of investigation.22 In an earlier pub-

lication,23 the macroscopic nc-SiOx:H film properties, such

as Raman crystallinity and refractive index, were correlated

with the PECVD process and the plasma properties. In the

present work, we unravel the nature of the nc-SiOx:H nano-

structure and correlate it to the macroscopic film properties

and device behavior in the corresponding solar cells.

II. EXPERIMENTAL DETAILS

Phosphorous-doped, nc-SiOx:H layers were deposited

by PECVD using a fixed set of parameters and only by vary-

ing the deposition pressure between 533 and 1067 Pa. The

layers were deposited in an Applied Materials AKT 1600

cluster tool23 on 30� 30 cm2 substrates at a temperature of

185 �C with 13.56 MHz plasma excitation frequency at a

power of 500 W from process gases consisting of SiH4

(10 sccm), H2 (3000 sccm), CO2 (18 sccm), and PH3

(17.8 sccm). As illustrated in Fig. 1, three sets of samples

were produced: nc-SiOx:H layers with a thickness of 100 nm

were deposited on two different substrates. Sample type A

prepared on float glass substrates was used for conductivity

measurements. Sample type B was grown on a float glass

coated with 800 nm aluminum-doped zinc oxide (AZO) to

avoid sample charging during X-ray photoelectron spectros-

copy (XPS) and transmission electron microscopy (TEM)

investigations. The last type of samples consisted of a 60 nm

nc-SiOx:H layer deposited as a SOIR between the top and

bottom cell of a-Si:H/lc-Si:H tandem solar cells. Laser

scribing was used to define separated 1 cm2 solar cells.

The current-voltage (I-V) characteristics of the solar

cells were measured using a dual-source (class AAA)

WACOM sun simulator under standard test conditions.

Illuminated IV curves were fitted using a one-diode model

and the Lambert W-function approximation,30 whereby the

initial guesses for the series (Rs) and shunt (Rsh) resistances

were calculated from derivatives at the axis crossings.31

Raman spectra were measured with a Renishaw InVia

spectrometer with a 488 nm laser and a 50� objective. The

laser power was carefully adjusted to avoid damaging the

samples during the measurement process.

X-ray photoelectron spectroscopy experiments were car-

ried out on a Physical Electronics PHI5000 Versa Probe II

photoelectron spectrometer with a mono-chromated Al-Ka

source operated in a high power mode at 100 W. To increase

the probing depth, the takeoff angle was set to 85�. The Si2p

peak was measured with a pass energy of 5.85 eV and

25 meV/step.

Spectroscopic ellipsometry (SE) was used to comple-

ment the analysis by XPS and Raman spectroscopy. SE can

provide information about the crystalline volume fraction

and the chemical composition, provided that the layer thick-

ness and roughness are known well enough to develop an

optical model. The ellipsometric parameters, namely, the

amplitude component W and phase difference D were

recorded using a SENresearch SE 800 DUV 2C 16M ellip-

someter at wavelengths ranging from 190 nm to 980 nm and

at five angles between 50� and 70�. Transmission spectra

measured over the same spectral region with a Perkin Elmer

LAMBDA 1050 provided additional data.

The final fit was conducted for the range of 500–980 nm

using an optical model of a surface/bulk/incubation layer

stack.32 Each layer was modeled as a mixture of silicon

monoxide and silicon dioxide with Si inclusions using the

Bruggemann effective medium approximation.33 The two

silicon monoxide and silicon dioxide matrix materials were

individually modeled as Cauchy layers, while the

nano-crystalline silicon inclusion material was modeled

using three Gauss oscillators following the work of Gallas

et al.34

For the TEM investigations, specimens were prepared

from type B samples. Cross-sectioning was carried out con-

ventionally by cutting, grinding, and subsequent ion milling.

For the plan-view, preparation samples were scratched and

immersed in 20% hydrochloric acid. After the AZO was

etched away, the floating nc-SiOx:H flakes with a thickness

of 100 nm were collected with TEM copper grids. The ana-

lytical XTEM investigations were carried out on sample

areas with a thickness of around 60 nm as determined by

electron energy-loss spectroscopy (EELS). A FEI Tecnai

Osiris instrument was used for analytical microscopy and the

EELS data were acquired with the equipped Gatan Enfina

FS-1 spectrometer in a scanning transmission electron

FIG. 1. Schematic diagrams of the three sample sets. (a) Sample type A: nc-

SiOx:H on glass for lateral conductivity measurements. (b) Sample type B:

with an added AZO layer to avoid sample charging for XPS and ToF-SIMS

and (c) a-Si:H/lc-Si:H tandem solar cell with a SOIR for device

characterization.
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microscopy (STEM) mode. The energy resolution was deter-

mined as 1.1 eV by measuring the full width at half maxi-

mum (FWHM) of the zero-loss peak (ZLP). The data for

the plasmon imaging were acquired by scanning the beam

over the sample and acquiring one EEL spectrum per pixel

with a sampling of 0.05 eV per channel. To reduce sample

damage by the electron beam (e.g., knock-on damage, SiO2

etching, and electron beam induced crystallization), a beam

current of only 0.2 nA was used. The integration times were

10 ms–20 ms per spectrum, and the map size was 128� 128

pixels2 for an area of 128� 128 nm2. The resulting data cube

was further evaluated using a self-developed software.

Energy dispersive x-ray spectroscopy (EDX) with a FEI

ChemiSTEMTM system, based on the Bruker Super-X EDX

large angle detector array, was used to analyse the elemental

distribution of the samples.

Selected area electron diffraction (SAED) was performed

on plan-view samples by probing an area of 240 lm2. The

acquired ring patterns were further evaluated using the

PASAD package35 by subtracting a spline background and

fitting the peaks with a pseudo-Voigt distribution. An estima-

tion of the average coherent scattering domain size (DAvg)

was calculated by a Williamson-Hall plot36 using the 111 and

220 reflections. High resolution TEM images were recorded

with an image spherical aberration (Cs) corrected FEI Titan

microscope operated at 300 kV.

III. RESULTS

A. Conductivity and solar-cell properties

IV curves of two solar cells are presented in Fig. 2. The

device with a SOIR deposited at 533 Pa shows a pronounced

s-shape in contrast to the curve of the device using the SOIR

deposited at 800 Pa. The corresponding IV parameters of the

solar cells as a function of the SOIR deposition pressure are

shown in Fig. 3(a). The conversion efficiency displayed a

strong pressure dependence. At 533 Pa, the SOIR was block-

ing under short circuit conditions corresponding to the lowest

(lateral) conductivity in single nc-SiOx:H layers, of below

10�11 S/cm (Fig. 3(b)). Higher deposition pressures resulted
in a largely increased conductivity of the nc-SiOx:H. The con-

version efficiencies of the solar cells improved substantially to

an average value of 11.7% at a deposition pressure of 800 Pa,

where also Rs featured a minimum as depicted in Fig. 3(c).

With increasing pressure, a small decrease in the average effi-

ciency down to 11.2% at 1067 Pa was found.

B. Compositional results

The elemental composition of all samples over the pres-

sure range of 533–1067 Pa was measured by plan-view

EDX. The average [O]/[Si] ratio of the sample series was

determined to be 0.8. Investigation of the chemical state of

the silicon by XPS showed an oxidation induced splitting of

the Si2p peak as depicted in Fig. 4. Analysis of the oxidation

states was performed by deconvolution of the silicon 2p

peak. It is known as a rule of thumb that the peak shifts 1 eV

per oxidation state. The exact parameters were taken from

Ref. 37 (Si11: 0.9 eV, Si21: 1.7 eV, Si31: 2.7 eV, Si41:

FIG. 2. Selected illuminated IV curves of tandem cells with nc-SiOx:H

SOIRs deposited at 533 Pa and 800 Pa. A strong S-shape, typical for defec-

tive tandem cells, was observed at 533 Pa. The IV curve of the 800 Pa cell is

exemplary for the other cells (deposited at 567, 933, and 1067 Pa).

FIG. 3. Deposition pressure dependence of (a) power-conversion efficiency

of the solar cells, (b) conductivity of sample type A, and (c) Rs determined

from the fit of the IV curves.
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3.7 eV). To account for the spin-orbit coupling of the Si2p0
1/2

and Si2p0
3/2 states, two peaks about 0.6 eV apart were used

for the elemental silicon. The deconvolution of the peak

revealed the presence of silicon suboxides in the material.

The observed evolution of the Sinþ distribution with increas-

ing deposition pressure, despite the fixed oxygen content in

the present study, indicates a phase separation. The silicon

dioxide (Si4þ) fraction of the Si2p peak and the silicon oxide

(Si1þ þ, …, þ Si4þ) fraction is shown in Fig. 5(a). While the

overall amount of silicon oxides decreases from 0.76 to 0.72,

the Si4þ fraction increases from 0.46 to 0.66.

Further analysis of the bulk composition by SE revealed

a thin (�5 nm) incubation layer at the AZO interface with

a high fraction of silicon around 50%, a bulk layer of

75 nm–85 nm, and a 10 nm–15 nm top layer with increased

oxide content. The resulting volume fractions of SiO, SiO2,

and Si are presented in Fig. 5(b) and indicate an increase

in phase separation with pressure. Specifically, at 533 Pa,

the SiOx contains 76% SiO and only 7% Si, while with

increasing pressure, the SiO fraction decreases to 9% while

Si increases to 22% and SiO2 to 69%. The refractive index

of the bulk layer (at 632.8 nm) calculated with this model

was found to be nearly constant (in average 2.06) with a

deviation of 3%.

C. Nanostructure

To resolve the nanostructure of nc-SiOx:H, a specialized

STEM-EELS analysis routine was employed. A single EEL

spectrum of a nc-SiOx:H layer deposited at 800 Pa is pre-

sented in Fig. 6. The evaluation routine for each EEL spec-

trum included the extraction of the single-scattering

distribution (SSD) using the Fourier logarithm deconvolu-

tion38 with the ZLP from the spectrum itself. The SSD was

then fitted using a three-plasmon distribution of silicon, sili-

con monoxide, and silicon dioxide. The silicon dioxide and

monoxide plasmon distribution was taken from reference

samples. The Drude model was used to model the silicon

plasmon with a plasmon energy of 17.1 eV, which corre-

sponds to nc-Si with a diameter of 5 nm.39 To rule out thick-

ness effects, the ratio of the silicon plasmon loss to the low

loss SSD spectrum in the range 10 eV–30 eV was mapped.

By this technique, a lateral resolution of better than 1.5 nm

has been already demonstrated.40 The silicon plasmon

ratio mappings obtained by this technique display the

silicon nanostructure in the nc-SiOx:H layers as shown in

FIG. 4. Si2p peak photo-electron spectrum of a nc-SiOx:H layer deposited at

933 Pa and the corresponding six-peak fit. It is seen that the sample mostly

contains Si4þ (orange) and Si0 (red), while a minor sub-oxide (green: Si3þ,

yellow: Si2þ, purple: Si1þ) content is measured.

FIG. 5. (a) XPS: Evolution of the Si2p peak fraction with the deposition

pressure regarding silicon Si0 (blue), silicon suboxides Si1þ, Si2þ, Si3þ

(red), and SiO2 Si4þ (yellow). (b) SE: Evolution of the volume fraction of

the nc-SiOx:H showing the three components of the optical model: Si (blue),

SiO (red), and SiO2 (yellow).

FIG. 6. Electron energy loss spectrum (blue) and the corresponding decon-

voluted SSD (black) of a type B sample deposited at 800 Pa. The fit includes

the Drude plasmon distribution for silicon (red) and the low loss references

of SiO (orange) and SiO2 (yellow).
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Figs. 7(a)–7(f). At 533 Pa (Figs. 7(a) and 7(d)), low intensity

needle-like silicon filaments that are homogeneously distrib-

uted and oriented nearly perpendicular to the substrate are

visible. At 800 Pa (Figs. 7(b) and 7(e)), thicker filaments

with an average diameter of 5.2 nm with higher intensity

become visible. From the plane-view, it is apparent that

the silicon structures are not evenly distributed over the area

and silicon poor areas are formed. At 1067 Pa (Figs. 7(c)

and 7(f)), silicon filaments with a lower mean diameter of

3.9 nm form an evenly spread and isotropically intercon-

nected network.

The HRTEM examinations of the nanostructure of nc-

SiOx:H layers validate the presence of silicon nanocrystals.

An HRTEM image of a cross-sectioned nc-SiOx:H type B

layer deposited at 1067 Pa is presented in Fig. 8. The diame-

ters of the silicon nanocrystals are in the order of 3 nm–5 nm.

They are arranged in a pearl-chain like structure with short

distances of often less than 1 nm between the crystallites.

D. Crystallinity

The SAED results for the series, presented in Fig. 10(a),

confirmed the deposition pressure dependent formation of a

nanocrystalline silicon phase in the material, at 667 Pa and

higher pressures while no crystalline features are seen for

533 Pa. Results for the corresponding DAvg calculated with

Williams-Hall plots, depicted in Fig. 10(b), reveal an aver-

age size close to 6 nm for 667, 800, and 933 Pa and a drop to

3.8 nm at 1067 Pa.

FIG. 7. STEM-EELS Si plasmon ratio mapping of plan-view (a)–(c) and cross-sectioned (d)–(f) nc-SiOx:H layers deposited at (a), (d) 533 Pa, (e), (b) 800 Pa,

(f), (c) 1067 Pa. (g)–(i) The corresponding distribution of the diameters was measured by linescans.

FIG. 8. Cs corrected HRTEM image of a cross-sectioned nc-SiOx:H layer

deposited at 1067 Pa. Silicon nanocrystals (marked yellow) form a pearl-

chain like structure. The arrow indicates the growth direction of the layer.
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Raman crystallinity, as described by Bustarret et al.,41

has been established as a quantitative standard measure for

the fraction of crystalline silicon in silicon thin films. It is

defined by the ratio of the Raman intensities associated with

crystalline silicon (Ic) to the sum of intensities of crystalline

silicon and intensities associated to amorphous silicon (Ia)

weighted by the parameter y, to account for the differences

in the scattering cross sections

Fc ¼ Ic=ðIc þ yIaÞ; (1)

y is determined by the size of the silicon nanocrystals (Lcry)

and the exponential decay factor (Leff)
41

yðLcryÞ ¼ 0:1þ 0:9 exp ð�Lcry=Lef f Þ: (2)

The Raman crystallinity was calculated in Eq. (1) after fitting

the Raman spectra with six Gauss peaks as shown in Fig. 9.

For Lcry, the values of DAvg were used and Leff was set

1 nm.42 The results show the anticipated increase in Fc with

increasing deposition pressure. As presented in Fig. 11, from

a nearly amorphous Fc of 2% at a deposition pressure of

533 Pa, the value increases to a maximum of 88% at

1067 Pa.

IV. DISCUSSION

Detailed analysis of the chemical binding structure in

PECVD deposited nc-SiOx:H layers indicates that with

increasing deposition pressures, the silicon structure changes

from a predominantly continuous network of suboxides43

with a Sinþ distribution roughly following the random bond-

ing model,44 towards a true two-phase system of silicon

nanocrystals in a silicon dioxide matrix, as evidenced by

Raman spectroscopy, SAED, and HRTEM. These findings

were considered in an optical model used to fit the SE meas-

urements. The same trend was found. Differences between

the SE and XPS results at pressures below 800 Pa can be

explained by a native oxide layer and the small probing

depth of XPS of only a few nanometers.

Earlier investigations linked the high conductivity to the

increased crystalline content8 and the formation of silicon

nano-filaments.20 STEM-EELS plasmon imaging investiga-

tions confirmed the presence of silicon filaments as presented

in Fig. 7. SAED investigations showed no signs of a crystal-

line phase at 533 Pa, which leads to the implication that the

observed filaments consist of amorphous silicon. An nc-Si

phase appears only in nc-SiOx:H deposited at higher pres-

sures. The amount of active dopants and the effective charge

carrier mobility apparently improves drastically during the

transition from the purely amorphous network to the partially

crystalline one. Furthermore, the agglomeration of the nc-Si

crystals into the pearl-chain like structure (“filament”) allows

a change in transversal conductivity of several orders of

magnitude. Finally, no significant negative influence on the

series resistance of the device from the SOIR can be

observed and, as a result, the conversion efficiency of the so-

lar cell increases to a high level.

FIG. 10. (a) Intensity distribution of

the SAED ring patterns of plan-view

samples prepared from type B nc-

SiOx:H sample deposition pressure se-

ries. (b) Average coherent scattering

domain sizes calculated from the cor-

responding Williamson-Hall plots.

FIG. 9. Raman spectrum of a nc-SiOx:H layer deposited at 933 Pa and the

corresponding six peak fit. Two crystalline peaks at 510 cm�1 and 520 cm�1

are marked magenta and green and the amorphous peak at 480 cm�1 is

marked yellow.

FIG. 11. Deposition pressure dependent Raman crystallinity with y calcu-

lated from DAvg.
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Measurements of the average filament diameter in the Si

plasmon ratio mappings at 800 Pa and 1067 Pa are in good

agreement with the Williamson-Hall plot results. This indi-

cates that the filaments consist of nc-Si. Cs corrected

HRTEM measurements of nc-SiOx:H validated this finding

and showed that the microstructure of the filaments consists

of a pearl-chain like structure of silicon nanocrystallites.

With inter crystallite distances of often below 1 nm, the

wave functions of the crystallites can overlap, forming

energy bands45 and allowing electron transport along the

filaments.

With this, the drop in the power conversion efficiency

from 800 to 1067 Pa despite the increase of the lateral con-

ductivity can be understood. The change in structure from

thicker filaments with silicon poor areas to a homogenous fil-

ament network without silicon poor areas causes the increase

in lateral conductivity and the decrease in transversal con-

ductivity, as can be deduced from comparison of RS and the

lateral conductivity. This shows the anisotropic, electrical

properties of nc-SiOx:H.

V. CONCLUSION

In the present study, we demonstrated that the crystallinity

and nanostructure of PECVD deposited n-type nc-SiOx:H can

be tuned by the pressure during deposition without affecting

the stoichiometry. While the refractive index is nearly inde-

pendent of the pressure, the conductivity varies substantially

for different deposition pressures. When increasing the deposi-

tion pressure from 533 to 1067 Pa, the (lateral) film conductiv-

ity changes over ten orders of magnitude from “insulating” to

“conducting.” This is caused by the film structure changing

from a heterogeneous material with a small fraction of amor-

phous silicon filaments embedded in a silicon-suboxide matrix

to a structure with a larger fraction of nanocrystalline silicon

filaments embedded in a silicon dioxide matrix.

We showed that such crystalline filaments have a

pearl-chain like structure of silicon nanocrystals.

Nanocrystalline P-doped filaments were identified to be re-

sponsible for the crystallinity-dependent conductivity of nc-

SiOx:H. Furthermore, evidence for anisotropic transport was

presented. nc-SiOx:H films with low lateral conductivities

(<10�6 S/cm) resulted in solar-cell devices with a low series

resistances, in contrast to nc-SiOx:H films with a high trans-

versal conductivities.

At low pressure, amorphous filaments are homogenously

distributed in the film. With increasing pressure, the filament

crystallinity and the diameter increase, but silicon-poor areas

are also apparent. With further increasing pressure, the crys-

tallinity of the filaments does not change significantly, but

the filament density increases with a decreased average di-

ameter—apparently forming an isotropically connected nc-

Si filament network.
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