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A B S T R A C T

Si solar cells have achieved a world record efficiency of 26.7% as a result of both improvement of Si ingot growth

and optimal passivation of surfaces and interfaces. In this framework, a clear understanding of the electronic,

optical, structural and passivation properties of innovative Si based layers is mandatory. The present study

reports on the characterization of amorphous sub-stoichiometric silicon oxide (a-SiOx) and silicon oxynitride (a-

SiOxNy) layers and their surface passivation properties. The layers have been deposited on float zone Si wafers

(2Ω cm, (100)-oriented, 250 µm thick) by plasma enhanced chemical vapour deposition (PECVD) adding in-

creasing fractions of N2O and CO2 to the SiH4 flux during deposition to increase the energy band gap of the

layers. Composition, optical properties, light induced electronic transitions and minority carrier lifetimes of Si

wafers passivated with these layers have been investigated by Fourier-transform infrared spectroscopy (FTIR),

spectral ellipsometry, surface photovoltage (SPV) spectroscopy and photo conductance decay (PCD). The overall

characterization of the layers has allowed us to understand the effect of increasing N2O and CO2 flux ratios

during deposition on the interface properties. The present study establishes the importance of the approach of

using multiple characterization methods in the evaluation of the passivation capability of layers that combine

large optical band gap and surface passivation.

1. Introduction

The energy conversion efficiency of single-crystalline silicon solar

cells has improved steadily over the last decades and has recently

reached a world record efficiency of 26.7% [1]. In parallel, the in-

creased production volumes and associated maturity of the technology

have reduced the cost of photovoltaic modules so far that solar pho-

tovoltaic electricity has already reached grid parity in many countries

and locations [2]. Such a strong enhancement of this technology is a

consequence of the improvement of silicon ingot growth processes and

the control of defects and contamination during solar cell fabrication.

The bulk electronic quality of crystalline silicon wafers has improved to

such a point that further device advances now rely on innovative sur-

face passivation schemes. To achieve a high efficiency in silicon based

solar cells an excellent control of interfaces must be adopted.

Intrinsic a-Si:H films have been known for some decades as effective

passivation layers via chemical surface states passivation. Doping of

these films as typically applied in Si heterojunction (SHJ) cells causes

an additional field effect passivation, but it diminishes the surface state

passivation at the interface. In order to improve the interface passiva-

tion, a few nm thick buffer layer of intrinsic a-Si:H is inserted between

the c-Si substrate and the doped film. This strategy has led Sanyo, now

Panasonic, to achieve high efficiency SHJ cells [3].

Recently, the role of surface passivation on the final efficiency of

SHJ solar cells has been shown by Yoshikawa et al. [4]. These authors

produced an inter-digitated contact (IBC) SHJ cell with a certified ef-

ficiency larger than 26% through careful optimization of optical and

passivation properties and efficient carrier collection on the front side

of the cell. Notwithstanding these high efficiencies achieved by SHJ

cells, a-Si:H films present high parasitic absorption of light, causing a

loss in short circuit current, and high series resistance, causing a re-

duction in fill factor. The absorption within the a-Si:H films can be

minimized by widening the optical band gap, for example through the

incorporation of carbon, nitrogen or oxygen in the amorphous matrix
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[5,6 and references therein], while the resistivity can be reduced

through the incorporation of crystalline phases [7,8].

While the a-Si:H /c-Si interface passivation mechanisms have been

investigated for at least one decade [9,10], this is not the case for a-Si:H

with incorporation of small amounts of O and N, which we refer to as

amorphous sub-stoichiometric silicon oxide (a-SiOx) and silicon oxy-

nitride (a-SiOxNy) layers. Even if these materials are already applied in

fields different from photovoltaics, e.g. as buffer layers for organic

based photodetectors [11] or as matrix layer for superlattices with Si

nanocrystals [12,13], their fundamental properties have not yet been

investigated in detail. These innovative passivating layers consist of

complex non-stoichiometric compounds containing amorphous and

crystalline phases and their properties vary substantially as a function

of the deposition method and subsequent annealing processes. Beside

the fundamental properties, the influence of the structure of the

amorphous network on electron-hole recombination processes at sur-

faces and interfaces is also not clear yet. However, a detailed under-

standing of this interrelation is in turn a mandatory requirement for the

optimization of the layers for the application as means of surface pas-

sivation of Si wafers.

The aim of the present work is the discussion of a multi-character-

ization approach focused on the study of structural and passivation

properties of sub-stoichiometric a-SiOx and a-SiOxNy layers on c-Si

surfaces. The knowledge and optimization of these properties are

mandatory in order to further improve SHJ solar cell efficiency.

Therefore, we deposited these layers from silane gas (SiH4) and

added varying fluxes of N2O or CO2 gas to the PECVD reactor to obtain

a-SiOxNy and a-SiOx layers, respectively. These layers have on one hand

a beneficial effect as their optical gap is improved with respect to a-

Si:H, but on the other hand a detrimental effect as high flux ratios of

N2O or CO2 during deposition lead to an increase in surface re-

combination.

Several properties of these layers have been evaluated with multiple

techniques to investigate the implication of the structure of the amor-

phous network at the interface on electron-hole recombination pro-

cesses in dependence of the N2O and CO2 flux compositions. In detail,

optical properties, light induced electronic transitions and minority

carrier lifetimes of these layers have been examined by Fourier-trans-

form infrared spectroscopy (FTIR), spectral ellipsometry, surface pho-

tovoltage (SPV) spectroscopy and photoconductance decay (PCD). The

present study establishes the importance of this approach based on the

use of multiple characterization methods in the evaluation of the pas-

sivation capability of layers that combine large optical band gap and

surface passivation.

2. Materials and methods

The a-SiOxNy (N sample set) and a-SiOx (C sample set) layers were

deposited by PECVD on 250 µm thick boron-doped silicon float-zone

material of an area of 5×5 cm2 (2Ω cm, (100)-oriented) using a

commercial tool (PlasmaLab 100 from Oxford Instruments) with a

radiofrequency of 13.56MHz. All the parameters were kept constant for

all depositions (P= 100W, p= 450 mTorr, T=175 °C, electrode dis-

tance d=20mm, deposition duration t= 150 s) except for the gas

fluxes. Additional to pure SiH4 gas, either N2O or CO2 gas was added to

the plasma. The dilution ratios of N2O and CO2 in silane are defined by

Rx =[X]/([X]+[SiH4]) with X=N2O or CO2 and the square brackets

representing the gas fluxes. The ratios were varied in the range of

4.8–16.6% for N2O and in the smaller range of 4.8–9.1% for CO2, be-

cause each CO2 molecule carries twice as many oxygen atoms as each

N2O molecule. A reference a-Si:H sample was deposited using pure SiH4

gas only. The corresponding labelling of the samples and their flux

ratios are listed in Table 1.

Immediately before each deposition, the samples were dipped in

hydrofluoric acid solution (2%) to remove silicon oxide from the sur-

faces. The layers were deposited on both sides of each sample in

separate depositions and immediately before the next sample was de-

posited, the deposition chamber was cleaned. Since the deposition

duration was kept constant while the plasma composition was changed,

the resulting layer thicknesses determined by spectral ellipsometry

measurements are not equal but vary in the range from 100 to 140 nm.

The passivation activation was achieved by annealing the layers on a

hotplate in ambient air to 300 °C for 15min.

The microstructure of the layers as well as an estimate for in-

corporated nitrogen and oxygen was determined qualitatively with a

FTIR setup (Vertex 80 from Bruker Optics) in terms of relative ab-

sorption strengths of selected bonds in the range of 500–2500 cm−1

with a resolution of 8 cm−1. A baseline correction was applied to all

spectra before multi-Gaussian fit procedures were performed on each of

the two main absorption bands separately. The positions of the eval-

uated peaks as reported in the literature are depicted in Table 2. In

order to compare the bond densities qualitatively, the relative absorp-

tion strength was determined by the ratio of the integral under the

fitted Gaussian peak of interest and under the corresponding peak of a

reference sample.

The refractive index variation within the layer as well as the layer

thicknesses were determined using a Vertical VASE Rotating analyzer

ellipsometer (J.A. Woollam Co., Inc.) operated in a spectral range of

500–2000 nm. The data (Ψ, Δ) were fitted by a graded Cauchy model,

which considered the investigated layers as divided into 21 sublayers

with fixed thickness, but individual homogeneous refractive indices to

model variations of the optical constants within the layers, similarly to

the approach in [19]. For the top surface a roughness layer was in-

cluded in the model, which was simulated by an effective medium

approximation of 50% layer material and 50% void.

Electronic transitions and effective minority carrier lifetimes were

determined by SPV measurements of the light induced variation of

surface or interface voltage, which is capacitively picked up in a metal-

insulator-semiconductor configuration and amplified with a phase

Table 1

Labelling of the investigated samples, chosen to provide information about the

gas flux ratio Rx used during deposition.

Sample (label) RN2O (%) RCO2 (%)

N4.8 4.8 0

N9.1 9.1 0

N13 13 0

N16.6 16.6 0

C4.8 0 4.8

C7 0 7

C9.1 0 9.1

Reference 0 0

Table 2

Literature values of the infrared active absorption peaks and corresponding

bond vibrations of a-SiOx and a-SiOxNy evaluated in this study.

Wavenumber [cm−1] (from

literature)

Bonds Modes Reference

640 Si-H / Si-

H2

wag / roll [14]

780 Si-H / Si-

O-Si

coupling of both bonds [15]

840 Si-H2 interaction between two

Si-H2 groups

[14]

850 Si-N asymmetric stretch [16]

890 Si-H2 interaction between two

Si-H2 groups

[14]

980 Si-O-Si asymmetric stretch [15]

1107 Oi interstitial oxygen [17]

2000 Si-H stretch [18]

2100 Si-H2 / Si-

H3

stretch [18]



sensitive detector locked to the light chopping frequency. SPV spectra

have been obtained using a laboratory-made apparatus described

elsewhere [20] based on a 500M SPEX spectrometer. A Quartz Tungsten

Halogen (QTH) as well as a short arc Xe lamp were used to inject

photons in different spectral ranges. The SPV signal intensity was

normalized to the photon flux and plotted as a function of the photon

energy.

Two standard methods of analysing the spectra were used. In one

method, a whole spectrum is evaluated at a fixed chopper frequency

and in the other method the signal at a fixed photon energy is evaluated

over several spectra under variation of the chopper frequency. In the

following, the former method is referred to as SPV spectroscopy for

determination of electronic transitions and the latter method is referred

to as ac-SPV for estimation of effective minority carrier lifetimes.

In SPV spectroscopy, electronic transitions are detected as changes

in the slope of the SPV spectra, which correspond to band-to-band

transitions or intra-band transitions at the surface or interface of a

multi-layered structure [21–23]. In order to clarify the expected tran-

sitions in the SPV spectra, in Fig. 1 the band diagram of the interface

between the a-SiOxNy and a-SiOx top layers (right) and the c-Si sub-

strate (left) and the possible electronic transitions under illumination

are sketched. For the top layer a lower limit of the band gap at 2 eV has

been considered, while literature data show values ranging from 2 to

3 eV [5,6].

The highlighted transitions are listed as follows:

(1) band-to-band transition in the c-Si substrate at around 1.1 eV;

(2) transition from the c-Si valence band to the top layer conduction

band at around 1.3 eV;

(3) transition from the top layer valence band to c-Si conduction band

at around 1.8 eV;

(4) band-to-band transition in the top layer at around 2 eV.

The energies of the transitions shown in Fig. 1 are just a rough in-

dication for the effective transitions that are observed by SPV spectro-

scopy, as the real band diagram will be more complicated due to the

presence of amorphous phases and disorder in the layers.

Additionally, information about the passivation quality of the layers

can be extracted from these SPV spectra as illustrated in Fig. 2, where

nanocrystalline SiOxNy layers from previous publications [5,6] are

presented, one with large interface recombination (top, annealed at

800 °C for 3 h) and one with low interface recombination (bottom, as-

deposited). Both spectra show a knee at around 1.05–1.1 eV, related to

the band-to-band transition in the c-Si substrate. Above this photon

energy the signal does not decrease for the as-deposited sample, while it

suddenly drops for the annealed one.

The inverse of the absorption coefficient, which equals the light

penetration depth, substantially decreases for photon energies above

the band gap and thus the SPV signal in this spectral region is strongly

affected by recombination phenomena at the interface [22]. Since the

decreasing trend of the SPV signal in the annealed sample is in this

spectral region above the band gap, it can be related to strong electron-

hole recombination at the interface, as confirmed by the observation of

oxygen precipitates at the interface [7]. On the contrary, the SPV signal

in the as-deposited sample does not decrease above the band gap, de-

monstrating better interface characteristics and lower interface re-

combination. Therefore, this experimental evidence clearly demon-

strates the capability of the SPV spectroscopy to reveal the passivation

quality of an interface.

In the case of the ac-SPV evaluation, the minority carrier lifetime of

the samples can be extracted. Since the SPV signal is proportional to the

number of photo-generated carriers at each chopper frequency, the

lifetime related to an SPV feature, typically a peak or a knee at the band

gap of the investigated layer, could be extracted by fitting the frequency

dependent data at one photon energy with the following function

[24–26]:

=
+

τ

ω τ
SPV

A

(1 · )2 2 1
2 (1)

where A is a proportionality constant, τ the effective minority carrier

lifetime and ω the angular chopper frequency ω=2πf.

Further characterization of the passivation quality was carried out

by measuring the effective minority carrier lifetime, evaluated at an

excess carrier density of Δn=1·1015 cm−3, using a PCD tool (WCT 120

from Sinton Instruments Inc.). The relative error for this characteriza-

tion method was fixed to 8% as suggested in [27,28].

3. Results and discussion

All samples have been analysed by FTIR, spectral ellipsometry, SPV

spectroscopy and PCD to determine the relevant interface and surface

properties of the silicon wafer and the a-SiOxNy and a-SiOx layers.

3.1. Fourier-transform infrared spectroscopy

In the infrared absorption spectra two main bands were analysed

Fig. 1. Sketch of band diagram of a-SiOx and a-SiOxNy layers. The possible

electronic transitions under illumination are highlighted with numbers and

arrows of different colors. A rough estimate of the band gap of 2 eV for the top

layer has been used.

Fig. 2. SPV spectra measured with the QTH lamp SiOxNy samples annealed,

blue, solid line, and as-deposited, red, dashed line. The recombination is linked

to a decrease of the signal at higher photon energies (blue curve), while good

passivation leads still to a higher signal (red curve). (For interpretation of the

references to color in this figure legend, the reader is referred to the web ver-

sion of this article.).



separately, namely the low frequency band (LFB) in the range of

550–1200 cm−1 and the high frequency band (HFB) in the range of

1950–2150 cm−1. The LFB includes the absorption of hydrogen, oxygen

and nitrogen bonds, while the HFB includes solely the absorption of

hydrogen bonds. All observed peaks could be related to the bonds de-

picted in Table 2.

Surprisingly, no peak in the absorption spectra of the C sample set

could be related to carbon bonds. In [29] the authors deposited similar

layers with RCO2 between 0% and 50% and determined the carbon

concentration. A rough linear fit of these results gives a carbon con-

centration of approximately 7·1018 cm−3 or 1.4·10−2 at% for RCO2

=9.1% as the highest used flux ratio in the C sample set. It seems

reasonable that such a low concentration does not exhibit absorption

peaks in the FTIR spectra, but it may still influence the optical and

electrical properties of the layers. However, all the following results are

explained without the assumption of a significant carbon influence.

On the contrary, a broad absorption peak at 850 cm−1 has been

detected in the N sample set which corresponds to the asymmetric

stretching mode of Si-N [16] and thus a significant amount of nitrogen

has been incorporated in the layers. Its relative absorption strength

normalized to the absorption strength of the sample with the highest

nitrogen content (N16.6) is increased by a factor of roughly six with

increasing RN2O from 4.8% to 16.6%, as presented in Fig. 3a.

For the three oxygen peaks at 780 cm−1 (coupling of Si–H and

Si–O–Si bonds [15]), 980 cm−1 (Si-O-Si asymmetrical stretching mode

[15]) and 1107 cm−1 (interstitial oxygen [17]), the absorption

strengths were normalized to the corresponding sample with the largest

oxygen content (N16.6 or C9.1). In both sample sets, the relative ab-

sorption strengths increase simultaneously with increasing Rx, as can be

seen in Fig. 3a,b. This suggests a similar increase in the oxygen con-

centration for both sample sets, as expected. It should be remarked, that

the relative absorption strength of the peak at 1107 cm−1 shows no

clear trend for the C sample set, which will be discussed in detail later.

The absorption strengths of the peaks corresponding to hydrogen

bonds were normalized to the absorption strengths of the pure a-Si:H

reference sample and are shown in Fig. 4 for both the N and C sample

sets, which follow the same trends and thus they are discussed si-

multaneously.

The absorption peak at 640 cm−1 is caused by the wagging mode of

Si–H bonds as well as by the rolling mode of Si–H2 bonds and is

therefore commonly used to quantify the total hydrogen content in the

layer [18,30]. Its relative absorption strength is reduced with increasing

Rx, meaning that the total hydrogen concentration is reduced.

The two peaks in the HFB can be identified with the stretching

modes of Si-H (2000 cm−1) and Si-H2 / Si-H3 (2100 cm−1) bonds [18].

This identification is not completely clear and controversially discussed

in the literature [30,31], especially by theoretical predictions of a finer

Fig. 3. Relative absorption strengths of all oxygen (780 cm−1, 980 cm−1,

1107 cm−1) and nitrogen (850 cm−1) bonds as depicted in Table 2 for a) the N

sample set (normalized to the absorption strengths of N16.6) and b) the C

sample set (normalized to the absorption strengths of C9.1).

Fig. 4. Relative absorption strengths of all hydrogen bonds as depicted in

Table 2, normalized to the absorption strengths of the reference sample, for a)

the N sample set and b) the C sample set.



splitting in distinct modes below the typical resolutions of FTIR mea-

surement devices [14].

Instead, following [32], we can assume that the increase of the

fraction χ= I2100/(I2000 +I2100) with I2000 and I2100 being the ab-

sorption strengths of the corresponding peak, is related to the increase

of the disorder in the amorphous network. Such larger disorder can

either be expressed by a larger number of silicon atoms with more than

one dangling bond that can possibly be saturated by hydrogen atoms or

by the presence of hydrogen bonded at inner surfaces of microvoids

[30]. In both cases, the number of silicon atoms bond to two or more

hydrogen atoms is increased.

Fig. 4 clearly shows that the relative absorption strength of the peak

at 2000 cm−1 is reduced with increasing Rx, while the relative ab-

sorption strength of the peak at 2100 cm−1 is increased. This behaviour

is also reflected in the fraction χ, which increases from an initial value

of χ=0.28 for the pure a-Si:H reference sample to a value of 0.93 for

the sample N16.6 and a value of 0.72 for the sample C9.1. As stated

above, this increase in the fraction χ is accompanied by an increase in

the Si–H2 bond density.

The two absorption peaks at 840 cm−1 and 890 cm−1 appear as a

doublet and are a result of interactions of two Si-H2 groups. They ty-

pically appear for larger hydrogen concentrations when the distance of

such two groups is comparably small [14]. The peak at 840 cm−1 is

weak for low hydrogen concentrations, but it becomes higher than the

peak at 890 cm−1 as the Si–H2 bond density is increased.

This effect can be clearly observed in Fig. 4 where the relative ab-

sorption strength of the peak at 840 cm−1 increases with increasing Rx

up to a factor of 3.5, while the relative absorption strength of the peak

at 890 cm−1 decreases at the same time to one-third of the reference

value. However, this finding would be unexpected if linked to the hy-

drogen concentration, since the overall hydrogen content is decreased

as concluded from the relative absorption strength reduction of the

peak at 640 cm−1. It should instead be considered as a result of the

higher Si–H2 bond density as concluded from the increase of the frac-

tion χ.

In summary, the FTIR analysis revealed a general similarity between

the N and C sample sets in terms of an increasing disorder of the

amorphous network with increasing flux ratios Rx, accompanied by

increased Si–H2 and Si–H3 bond densities and by the probable forma-

tion of microvoids.

3.2. Spectral ellipsometry

The spectral ellipsometry data have been fitted with the model

described in Section 2 to determine variations of the optical constants

within the layers of the N and C sample sets. In Fig. 5 each data point

represents the refractive index at a wavelength of 600 nm of one of the

21 sublayers of the fitted model. For the reference sample the refractive

index is approximately constant over the whole range of the layer,

except for the first sublayer at the interface to the substrate, where the

refractive index is significantly lowered. Following this observation, we

distinguish between the refractive index at the interface to the substrate

and the “steady-state” refractive index, which evolves far from the in-

terface.

The reduction of the refractive index close to the substrate is ob-

servable for all the samples, while for larger flux ratios Rx this lowering

takes place even at a distance of a few sublayers from the substrate. The

reduction in the refractive index of amorphous silicon layers can be

attributed to a less dense microstructure [33]. Hence, the lower re-

fractive index at the interface might be caused by an initial island

growth of the deposition, which has not yet reached the steady state

growth. Following this explanation, the density of the amorphous net-

work at the interface to the substrate decreases with increasing Rx,

probably accompanied by microvoid formation, as the region of this

microstructure variation measured in distance from the substrate is

increased simultaneously.

Apart from this variation of the refractive index along the distance

from the substrate, the steady-state refractive indices of the N sample

set are larger than 3 and larger than 3.3 for the C sample set. At the

wavelength of 600 nm, stoichiometric silicon oxide (SiO2) has typically

a refractive index of around nSiO2 =1.5 and stoichiometric silicon ni-

tride (Si3N4) of around nSi3N4 =2.0 [34]. Since the measured refractive

indices are closer to the refractive index of the pure a-Si:H reference

sample of roughly 4.0, the layers of both sample sets have to be con-

sidered strongly sub-stoichiometric.

Having a closer look at the steady-state refractive index reveals that

it decreases with increasing RN2O in the N sample set as can be seen in

Fig. 5a. This behaviour could be explained by an increasing oxygen

content in the layers with increasing RN2O, as qualitatively described

before in the discussion of the FTIR results (Section 3.1). Surprisingly,

this expected trend is not that clear for the C sample set. The sample C7

shows a lower “steady-state” refractive index than sample C9.1 and it

has a much stronger reduction of the refractive index in the sublayer at

the interface than the other C samples. A similar deviation is observable

in the FTIR absorption peak of interstitial oxygen at 1107 cm−1, where

the relative absorption strength of the sample C7 is increased by a

factor of two compared to the other C samples, but not in the other two

oxygen absorption peaks (see Fig. 3b), suggesting an increased amount

of interstitial oxygen. The presence of more interstitial oxygen can be

related to the presence of more or larger microvoids, which offer more

Fig. 5. Refractive index variation at a wavelength of 600 nm as function of the

distance from the substrate for a) the N sample set and b) the C sample set. Each

data point represents the refractive index in one of the 21 sublayers, which were

used to fit the ellipsometry data.



space for interstitial oxygen. This can explain the reduction of the

steady-state refractive index as well as the reduction of the refractive

index at the interface. Somehow, the growth of sample C7 differed from

all other depositions.

Unexpectedly, a comparison between the N and C sample sets re-

veals that the reduction of the refractive index is stronger for the N

samples. Since the flux ratios were chosen to approximately match the

total number of oxygen atoms inside the PECVD plasma and hence a

comparable amount of oxygen was available during deposition, one

would expect from the oxygen content alone a similar refractive index.

In [35] it was found that the refractive index is a mostly linear function

of the silicon concentration. From this observation it is clearly under-

standable that the refractive index of the a-SiOxNy samples is lower than

the one of the a-SiOx layers. The silicon concentration is reduced by the

additional nitrogen in the a-SiOxNy layers, while there is no such sig-

nificant carbon incorporation for the a-SiOx layers (see Section 3.1).

In summary, beside the expected reduction of the steady-state re-

fractive index with increasing Rx due to a lower silicon concentration in

the layers, the reduction of the refractive index at the interface suggests

a less dense microstructure, probably accompanied by microvoid for-

mation, and hence a less ordered amorphous network with increasing

Rx, as it was also concluded from the FTIR discussion in Section 3.1. The

observed reduction of the refractive index is accompanied by a reduc-

tion of the extinction coefficient for wavelengths< 500 nm, which

consequently reduces parasitic absorption compared to a pure a-Si:H

standard SHJ cell.

3.3. SPV spectroscopy

Fig. 6 shows the SPV spectra of the N and C sample sets acquired

with the QTH lamp. A slight slope change at around 1.05–1.09 eV is

observable in the spectra of the samples deposited at higher flux ratios

Rx (N9.1, N13, N16.6, C9.1), which is related to the band-to-band

transition in the c-Si substrate (transition (1) in Fig. 1). In the spectral

range of the QTH lamp the light penetration depth, which equals the

inverse of the absorption coefficient, is comparable with the whole

sample thickness [36] and hence the c-Si band gap is observable. Above

the c-Si band gap, the SPV signal does not decrease for all samples,

indicating a low interface recombination similar to the as-deposited

sample in Fig. 2. This low interface recombination velocity is an in-

dication of a good passivation of the layer, which can be due to che-

mical passivation and/or charge separation by field effect, as the SPV

technique does not allow us to distinguish between these two cases.

The layers deposited at lower flux ratios Rx (N4.8, C4.8, C7 and the

reference) show a small signal variation above the c-Si band gap, which

can be explained by a low efficiency of the interface potential in se-

parating photo-generated carriers, as SPV signal extraction requires

both photon absorption and carrier separation by an electric field. The

interface potential is weaker for the layers deposited with lower flux

ratios because the band gap discontinuity from the c-Si substrate and

the top layer is too small to create an efficient heterojunction capable to

separate carriers. This consideration is particularly valid for the pure a-

Si:H reference sample.

It must be noted that, unexpectedly, also sample C7 shows an in-

efficient charge separation, with an overall variation of the signal lower

than the one of C4.8, which indicates a reduced electric field at the

interface. Such a deviation from the expected trend for the sample C7

was also found in the FTIR and spectral ellipsometry results in Sections

3.1 and Sections 3.2.

Fig. 7 shows SPV spectra acquired with the Xe lamp of both sample

sets. Due to the higher photon energy range the light penetration depth

is smaller than in the case of the QTH lamp and thus the photoinduced

charges are separated mainly by the surface potential and the features

of the spectra can be related mostly to the top layers. In the case of the

Fig. 6. SPV spectra measured with QTH lamp a) the N sample set and b) the C sample set. The energies (eV) of the relevant features, determined as slope changes in

the curves, are marked in the spectra.



reference sample there is no slope change observable, probably due to a

high surface passivation which prevents the surface potential from se-

parating the carriers.

In the spectra of the layers deposited at lower flux ratios Rx three

slope changes were found at 1.65–1.73 eV (N4.8, C4.8, C7), at

1.88–1.94 eV (N4.8, N9.1, C4.8) and at 2.31–2.32 eV (N4.8, C4.8, C7).

These slope changes in the SPV spectra can be related to the transition

from the c-Si valence band to the top layer conduction band (transition

(2) in Fig. 1), to the transition from the top layer valence band to the c-

Si conduction band (transition (3) in Fig. 1) and to the band-to-band

transition in the top layer (transition (4) in Fig. 1), respectively. Fol-

lowing these observations, the effective optical energy gap of the a-

SiOxNy and a-SiOx layers is determined to range from 2.30 to 2.32 eV,

which is in agreement with previous studies and larger than the energy

gap of pure a-Si:H (1.8–1.9 eV), as expected [5,7,37,38].

For the spectra of the layers deposited at higher Rx values (N13,

N16.6, C9.1) one would expect a widening of the optical gap and hence

a shift of the slope change to values larger than 2.3 eV due to an in-

creased oxygen and nitrogen concentration. However, this expectation

could not be tested since none of the three transitions was observable in

the spectra of those samples. This behaviour can be attributed to the

larger disorder of the amorphous network as it was observed by the

FTIR and spectral ellipsometry analyses in Sections 3.1 and Sections

3.2, which induces large tail states in the band gap and eventually

causes a significant broadening of the whole spectrum [22].

Beside the observed transitions, a strong signal decrease above the

energy gap of the top layer can be observed in all samples apart from

the reference, likely related to electron-hole recombination at the top

layer surface [22]. Additionally, in the spectra of the samples N13 and

N9.1 a further increase of the signal at photon energies larger than 3 eV

can be seen. This increase might be caused by a silicon nitride cluster

phase, whose energy gap is supposed to be at around 3.2 eV [39,40]. In

the spectrum of the sample N16.6 this increase is not visible due to the

broadening of the spectrum, as discussed above.

The SPV spectra measured in two distinct spectral ranges allowed

for the evaluation of the energy gap of the SiOxNy and SiOx layers de-

posited at low flux ratios to roughly 2.3 eV. Furthermore, the de-

termination of the energies of the main electronic transitions and the

passivation quality of the interfaces and surfaces was possible.

3.4. Passivation quality by lifetime measurements

In [41] the authors built a model to distinguish between chemical

passivation due to the reduction of interface density of dangling bonds

and a field effect passivation due to charged defects. Applied to intrinsic

a-Si:H, they found beside the chemical passivation through saturation

of dangling bonds with hydrogen also a field effect caused by the band

offset between crystalline and amorphous silicon. In the following,

passivation means a combination of both effects as it was not possible to

separate them by means of the applied measurement techniques.

The effective minority carrier lifetimes were determined using ac-

SPV (Eq. (1)) as well as PCD. The ac-SPV chopper frequency variation

was performed at the photon energy of 2.3 eV, corresponding ap-

proximately to the top layer energy gap determined in the previous

section. Typically, effective minority carrier lifetimes measured by PCD

are much smaller than the ones measured by ac-SPV. The PCD mea-

sured lifetimes vary in the range of 1.4–2.9 ms while the ac-SPV mea-

sured lifetimes vary in the range of 0.6–9.0 ms. This difference occurs

due to the influence of the surface recombination velocity, which af-

fects the lifetime values evaluated by PCD more than the ones obtained

by ac-SPV [42]. The lifetime values reported in Fig. 8 show the ex-

pected behaviour for the samples with lower Rx values, but the reverse

behaviour for the samples with higher Rx values. This anomalous be-

haviour can be explained considering that the ac-SPV lifetime values

Fig. 7. SPV spectra measured with Xe lamp for a) the N sample set and b) the C sample set. The energies (eV) of the relevant features, determined as slope changes in

the curves, are marked in the spectra.



can also be affected by interface recombination, which must be very

strong in the samples with higher Rx.

Both techniques show the same overall trend for a reduction in

passivation quality with increasing Rx as can be seen in Fig. 8. This is in

agreement with the FTIR and spectral ellipsometry results of an in-

creasing disorder of the amorphous network at the interface with in-

creasing Rx (Sections 3.1 and Sections 3.2). However, the detailed re-

sults differ between the C and N sample sets as well as between the

measurement techniques and thus require clarification.

There is a lack of a clear decreasing trend for the C sample set that

show for sample C7 a PCD lifetime of 1.5ms, which is unexpectedly low

compared to 2.2ms for the sample C9.1. Regarding the FTIR and

spectral ellipsometry analyses in Sections 3.1 and Sections 3.2, it was

found that the sample C7 deviates from the expected trend due to a

large content of interstitial oxygen and a defective amorphous network

at the interface. Thus, the lower PCD lifetime of the sample C7 can be

explained by a larger interface recombination. It has to be mentioned,

that this deviation from a clear trend is not observable for the ac-SPV

measured lifetimes.

On the contrary, the effective minority carrier lifetimes of the N

sample set show a similar trend between both measurement techniques.

Increasing RN2O to values larger than 9.1% leads to a significant drop in

lifetime, which suggests the usage of such layers in SHJ cells only in the

range of Rx< 9.1%. Precisely, the lifetime values drop from 2.4ms to

1.4 ms for the PCD measurements and even stronger from 9.0ms to

0.6 ms for the ac-SPV measured lifetimes. This loss in passivation

quality suggests that the sample N13 differs from the expected trend. In

the spectral ellipsometry analysis, there was no deviation from the

trend found as it was observed for the sample C7. Additionally, the drop

in lifetime is similar for both measurement techniques, and hence it

cannot be completely attributed to a defective network at the interface.

Instead, the reason for this drop can be found in the FTIR results, where

the nitrogen content of the sample N13 is larger than expected, i.e.

larger than the nitrogen content of sample N16.6. FTIR absorption

spectra contain information of the whole layer and if the larger nitrogen

content is homogeneously distributed over the whole layer, this might

explain that the ac-SPV measured lifetime is also affected.

Additionally, the ac-SPV measured lifetime of the sample N9.1 is

anomalously high with a value of 9.0ms, which is more than twice the

value of the sample N4.8 with 4.2 ms. This observation must be linked

to an effect of the ac-SPV measurement technique, since no such large

deviation from the trend was measured using PCD.

The total reduction in lifetime with increasing Rx is stronger for the

N sample set compared to the C sample set, although the flux ratios

were chosen to approximately match the total number of oxygen atoms

inside the PECVD plasma. Similar to the discussion of the ellipsometry

results, this might be a hint that, beside the oxygen content, the addi-

tional nitrogen in the N sample set causes an increased amorphous

network disorder being responsible for stronger lifetime reduction.

4. Conclusion

The combination of several characterization methods (FTIR, spec-

tral ellipsometry, SPV, PCD) has allowed us to achieve the following

conclusions. Both the a-SiOx and a-SiOxNy layers revealed a general

similarity in their physical properties. By increasing the flux ratios Rx,

the disorder of the amorphous network increases, accompanied by in-

creased Si–H2 and Si–H3 bond densities and probably microvoid for-

mation, which is stronger at the interface. The electronic transitions

detected by SPV estimated the energy gap of the layers to around

2.3 eV, which is larger than the one of a-Si:H, and thus capable of re-

ducing parasitic absorption. The effective minority carrier lifetimes of

the investigated samples show a general decreasing trend for the in-

crease of the flux ratio Rx, which is in agreement with the degradation

of the amorphous network evidenced by FTIR and spectral ellipsometry

analyses. The anomalous behaviour of the sample C7 has been observed

simultaneously with all techniques employed, showing the capabilities

of these methods in the analyses of the physical processes involved in

the passivation of silicon surfaces and establishing the importance of

the approach of using multiple characterization methods in the eva-

luation of the passivation capability of layers that combine large optical

band gap and surface passivation.

We conclude, that the moderate insertion of O and N in a-Si:H, leads

to a decrease of optical parasitic absorption, while maintaining the

passivation quality of the layers. As generally those layers also show

good electrical properties [5–8], they might be successfully applied to

improve SHJ solar cell efficiency.
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