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Abstract

Hydrogenated silicon oxynitride (SiON) could be dise combination with silicon nitride
(SiN) to create multilayer antireflection coatinfgs silicon solar cells. It could also be used
as a passivation layer, especially on the backdidee cell.

This work deals with the passivation effect obtdimen silicon surface by SiON layer
deposited by Low Frequency Plasma Enhanced CheMagabur Deposition (LF-PECVD).
SiON layers of different compositions have beenodépd by varying the gas flow mixture
(NH3, SiH, and NO) in the reactor. Infrared and X-Ray photon-elattspectroscopy were
made to determine the chemical structure of SiOp¢rlaMinority carrier lifetimes were
measured by the photoconductance decay method (BEDje and after a rapid thermal
anneal. Effective lifetime, measured on 5 ohm.crasiigon wafers, can reach up to several
hundreds microseconds, depending on the stoichrgnuétthe SION layer. Low oxygen
content samples (close to SiN layer) exhibit a geodace passivation of 250 us but after
annealing, this value is critically reduced to 6 [Ike opposite situation is observed for
oxygen-rich layers: the effective lifetime increageom 10 ps to 150 ps. These behaviours
could be partly explained by the composition of I8j@he evolution of the main peaks values

of the FTIR spectra and the disappearance of Siitl® with anneal.
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I ntroduction

Hydrogenated silicon oxynitride (Si®y:H abbreviated SiON afterwards) can be deposited at
low temperature with Plasma Enhanced Chemical Viapaposition (PECVD). It exhibits
low absorbance and adjustable refractive index éetwl.45 and 1.9 [1] by changing the ratio
of precursor gas flow during deposition. SION isgtsuitable for optoelectronic devices such
as waveguides, and has become a standard in agtoeies industry [2, 3].

However, these properties can also be suitablepfatovoltaic industry especially for
antireflection multi-layers in combination with hydjenated silicon nitride (SiNH
abbreviated SiN afterwards). Adjusting carefullytiogl indexes and thicknesses of the film
could optimise the penetration of solar photorhm golar cells. Thus double SION/SIN layers
seem to give a better transmission coefficient tlaarsingle SiN layer [4]. Gradual
antireflection layers could also be imagined, witfractive index varying from SiN to SiO
value to increase solar cells efficiency [5].

Antireflection layer is not the only possible agglion of SION. Due to the increasing price
of silicon material, standard solar cells are ggttihinner and the quality of the rear surface
passivation is becoming more and more crucial tontaim high solar cell efficiency [6]. The
passivation effect of SION is very promising fofasccell rear surface and could replace the
actual aluminium back surface field, responsible iaggh constraint on thin solar cells.
Moreover SiON can also be included in a stack systeth SiN and SiOx:H (abbreviated
SiO afterwards) for optimum rear surface passivafj. Finally, low SiION indexes make
this layer suitable to act as a rear surface rgftedndeed, high wavelength photons are
absorbed less efficiently by silicon and increagimgr reflection at the back side of the solar
cells could increase the optical path length thiotlge silicon wafer and give them a better

chance to be absorbed.



This work aims to study electronic and structuralpgerties of SION deposited by PECVD for
solar cells applications. The passivation impadheflayers is quantified by minority carrier
lifetime (MCL) measurements, performed for differestoichiometries of SION. The
chemical structure of SION is analysed by X-Raytpheelectron spectroscopy (XPS) and
Fourier Transform Infrared spectroscopy (FTIR). thikses characterisations have been made

before and after a rapid thermal anneal (RTA).

Experimental

SiON layers have been deposited with ammonia, pileee and nitrous oxide (respectively
NHj3, SiHs and NO) as precursors gases in a semi-industrial Lowjuerecy PECVD reactor
(LF-PECVD) at 440 kHz. The reactor used has beescrdeed elsewhere [4]: it was
developed by SEMCO-Engineering and presents acagronfiguration chamber. The
deposition was made at 370°C, with a power of 0/26er cnf and a pressure of 1500
mTorr. Silane flow and total gas flow have beenrsespectively to 25 sccm and 800 sccm and
maintained constant.

Different SION stoichiometries were obtained byywag the “Ox” ratio which is defined as:

N,O
X=——2———
N,O+ NH,

The Ox ratio is related to the oxygen content ef 10N layer (Ox=0 if it is pure SiN and
Ox=1 if it's pure SiO). After deposition, refractiindex, extinction coefficient and thickness
were measured by spectroscopic ellipsometer (J¥bion UVISEL) using Tauc Lorentz
dispersion model [7].

Then XPS have been performed on SiON samples tairpltheir atomic composition.
Substrates were 2” CZ n-type silicon (100 orienteih a resistivity of 1-10 Ohm.cm. The
SiON layer thickness is around 70nm. The XPS measents were carried out in a VG 220i

XL system, with a base pressure of 5%1Qorr and using AIK (1486.5 eV) X-ray



monochromatized radiation with pass energy of 20(@golution 0.2 eV). Energy levels of
XPS were calibrated with Au single crystals. Thedm were processed using the VG
Eclipse Datasystem. The background contributiandkided in the fitting process, using the
Shirley method.

Infrared measurements were also carried out toysdtrdctural bonds in SiON samples. For
that case, substrates were FZ 2" p-type silicorhibth sides polished and 4-7 ohm.cm
resistivity (100 oriented). The thickness of depebiSION films is around 200nm. The
experimental setup is a Fourier—Transform infraspdctrometer (FTS60 A, Bio-Rad Inc.)
associated with a DTGS detector operating in tleetspm range 1.6-20 micrometer.

Next, minority carrier lifetime measurements (MChave been carried out to evaluate the
surface passivation quality. MCL have been deteethirby photoconductance decay
measurements using a WCT-100 Photoconductance fii@ul Sinton Consulting [8]. SION
layers were deposited on both sides of polishe@ @kin.cm silicon wafers n-type and p-type
(100 oriented) with a thickness around 70 nm. Tigé lguality of the silicon wafer implies
that the effective measured lifetime depends esdlgndn the surface recombination velocity
(bulk minority carrier lifetime is superior to 3mdjfter all these measurements, FTIR and
MCL samples were annealed at 800°C in a lamp fwrweith a nitrogen atmosphere during
several seconds, to simulate the firing of the @ctston both sides of solar cells and then new

measurements were made.

Ellipsometric measurements

Refractive indexes of the different SION layers aresented in figure 1. They vary from 1.84
for SIN to 1.54 for SiO at wavelength of 633nm. Ather samples have their optical index
between these two values. The increase of oxygeteebleads to the decrease of refractive

index. Moreover, there is a linear connection betwhe Ox ratio and the refractive index of



the layer which allows to adjust easily the refracindex of the deposited layer by setting

N>O and NH gases flow.
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Figure 1. Wavelength-dependant refractive index of differ8i®N layers according to the

gas flow ratio Ox.

The corresponding extinction coefficient k valuee axtremely low. Tauc Lorentz model
gives an extinction coefficient equal to zero fawelength superior to 300 nm, therefore in
the entire visible spectra. Null or low k is vemggortant for front surface application in solar

cells in order to minimize high-energy photons apsgon in the antireflection coating itself.

XPS measurements

The complete composition of SION samples is shawsalle 1.

Ox ratio Atomic composition (20 nm depth in the layer)
0% N% Si%
0,00 6,3 40,2 53,5
0,20 23,5 314 45,1
0,58 47,1 11,9 41,0
1,00 60,8 1,2 38,0

Table 1. Atomic composition of the SION layer accordingdBS measurements and analysis

As expected, the increase ofNflow leads to high oxygen content in the SION taysile

nitrogen is decreasing in the same proportion.i@rother hand silicon concentrations remain



globally constant beyond 20 percent of oxygen i fim and suggest that nitrogen atoms
bonded with silicon are replaced by oxygen atonis Dehaviour has also been reported using
N>O and SiH gas precursors [9, 10].

Moreover, the oxygen concentration in the layenestinearly with the refractive index.
Therefore, there is a linear connection between @he ratio and the atomic oxygen

concentration found by XPS.

In the plasma, oxygen radicals react in prioritghwhi radicals because the most favourable
chemical reaction is Si-O bonding. N-H, Si-H aneNSbonding seems to form when oxygen
becomes deficient [9].

The hydrogen content could not be detected by XR&sorements but we can estimate its
concentration around 30% for SiN layer and sevpmtent for SiO layer [10, 11]. For
photovoltaic applications, this hydrogen is benafjgarticularly for multicrystalline silicon
wafers for which a rapid thermal anneal can leath¢odiffusion of atomic hydrogen and the

subsequent passivation of defects in the silicdk gy 12].

Fourier transform infrared spectroscopy

FTIR spectra are shown in figure 2.

The predominant absorption band is localised bat&89 cni and 1200 c and can be
resolved into Si-N and Si-O groups [9, 13]. Othesaption peaks are less significant and the
2000-4000 cn spectral region was magnified five times for apjaon. Going from Ox=0
(SiN) to Ox=1 (SiO), the main peak moves from theNSstretching mode to the Si-O
stretching and rocking modes. These peaks valieslafting with the modified chemical
environment from 870 cihto 1030 crit with the increase of oxygen content in the lajiére
peaks localised at 1180 &mand 3350 cm correspond to N-H bending and stretching

vibration respectively [14]. These peaks disappatr the decrease of nitrogen content in the



layer. Si-H stretching mode stands at 2200'@nd is disappearing too with the increase of
oxygen in the sample. Finally, the small peak @036m" which appears for rich oxygen
layer could be related to H-O-H stretching vibratja5].

With the increase of oxygen content, the layer abahconfiguration is deeply changed. The
variation in peaks intensity with the Ox ratio ablde related to the privileged Si-O bond

formation. This is why Si-N, N-H and Si-H relatedgks are all decreasing whereas Si-O is

increasing.
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Figure 2. FTIR spectra of SION layers before (a) and att@rapineal as function of Ox ratio
indicated above each spectrum. The dotted lineisatel the position of the Si-N stretching
vibration mode in SN, (835cm?) and the Si-O stretching vibration mode in theriD,

(1075cn), respectively [16, 17]. The framed area points thet change in Si-H stretching

bond according to the Ox ratio, before and afterrépid thermal anneal step.

After the rapid thermal anneal (RTA), no changehbserved on optical index or thickness.
Annealing is normally followed by the densificatiaf the SiON films [15] but the RTA
seems too short and the temperature seems to ldensify SiON layers. FTIR spectra (Fig.

2b) are very similar to the previous ones. StillOSstretching vibration tends to shift to a



higher wavenumber for oxygen-rich sample. For eXampoking at the Ox=1 spectrum, Si-
O peak shifts from 1027cfrto 1040crit. On the other hand, the reduction of Si-H stretghi
vibration is clearly visible for nitride-rich sangl

The energy brought by RTA leads to bonding re-aeament within the layers. Si-H bonds
are sufficiently weak (3,3eV) to be broken easiytihe RTA, contrary to N-H (4,0eV) or Si-
N (3,7eV) which stays almost unaffected [4] [18hefefore, hydrogen might escape from the
layer and the shifts of all Si-O stretching viboaticould be explain by the silicon dangling
bonds which bind to oxygen atoms in priority be@ausSiON, Si-O bond is more stable and

more thermodynamically privileged than other bonds.

Minority carrier lifetime measurements (MCL)
The evolution of MCL according to the refractived@x is represented in figure 3. For

comparison, MCL of SiN obtained in the same PEC\actor has been plot with SiON

results. SiN results are discussed elsewhere [19].
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Before RTA, MCL is decreasing with the refractiveléx for N and P substrates. MCL is
always higher for n-type silicon. This behavioumlbbe explain by of the higher cross
capture section of electron in p-type silicon [20].

Increasing oxygen content leads to decrease nitragd hydrogen content in the layers and
form in priority Si-O bonds. But, contrary to theahoxide, it seems that Si-O bonds formed
at low temperature do not create a passivatiorcieffie good as other bonds like Si-N or Si-H
: the value of MCL is a hundred time lower for S&yer than for SiN. Therefore, it seems
that the increase of oxygen is not good for théaserpassivation.

The deterioration of the passivation could be arplad by the fact that the field effect due to
the fixed charges density in SiON is lower than3aX, in particular because of the decrease
of K+ centres [22].

Moreover, the interface state density, Which is a critical parameter for passivations ha
been reported to be thirty time higher for SiN fithan for thermal Si@film [21]. In SIN
layer, a part of the passivation quality dependghenhydrogen content in the layer which
could limits O value [4]. However, hydrogen content in SION filinas been reported to
decrease when oxygen increases [10] [11]. This exgyain an increase ofDwhich could
not be neutralised by the as-deposited oxide: illdvoesult of a continuous decrease of MCL
as oxygen content increases in the layer.

After RTA the situation is completely different. NN®f nitrogen-rich SiON layers become
very low whereas it is the opposite in oxygen-i&0ON samples.

FTIR measurements have shown a slight shift foSalD stretching bonds towards the Si-O
wavenumber value in thermal oxide. These shiftdcceuggest a modified environment of Si-
O stretching vibration and maybe a better passimabehaviour. This could explain the

observed MCL improvement after RTA for oxygen-ri8SiON layers. On the other hand, the



re-arrangement of oxygen bonds seems to be inmritito explain by itself these high MCL
improvements. Moreover, for nitrogen-rich samphes sudden decrease of MCL with RTA
remains difficult to explain. A possible explanatioould be that for SiN or nitrogen-rich
SIiON, FTIR spectra shows that RTA leads to the bo#aSi-H bonds and free hydrogen in
the layer. This hydrogen could exodiffuse or corebmth elements of the layer. However,
bonds formations which occur at the interface betwthe film and the substrate could be
beneficial for the surface passivation quality f@ese Dit). Therefore, it is possible that the
decrease of silicon concentration for Ox ratio firdieto 0.20 (see table 1) leads to a higher
porosity of the SION film compared to SiN layer [1This would enhance the exodiffusion

of hydrogen, and thus limit the passivation effgfdhe layer [23].

Conclusion

Silicon oxynitride (SiON) were grown by LF-PECVDcteique by varying flows of Si
NH3; and NO gas precursors. Refractive indexes obtained batyween 1.54 and 1.84 and
absorption is inexistent in the full visible spattrange. The composition of these layers
determined by XPS shows the increase of oxygeneotmelated to the increase ofNgas
flow : oxygen radicals react mainly with silicorjgr to hydrogen or nitrogen. The refractive
index has been found directly proportional to theygen content. FTIR spectra have
confirmed this tendency and have pointed out tharr@hgement of SiON films with a rapid
thermal anneal (RTA). Minority carrier lifetime (M measurements have shown that
oxygen and hydrogen play a major role in the passin quality of the SION layer. High
oxygen content leads to a bad surface passivagbord RTA maybe because of the poor
passivation properties of deposited oxide and m#iue reduced amount hydrogen leads to
increase [. After RTA the situation is totally opposite: oxgmrich samples exhibit a better
MCL because the Si-O properties change a little seeins to tend to the thermal oxide

behaviour. One the other hand nitrogen-rich sampbege a very low lifetime, which is



difficult to interpret. This could be explained biye relatively high porosity of the SiON
layer, leading to hydrogen exodiffusion.

C-V measurements, hydrogen desorption and RTA avftarent temperatures are in progress
to understand better these behaviours.

Finally, MCL results show that oxygen-rich SiONnig are very promising to be used as an

alternative passivation layer of the rear surfdcgliwon solar cells.
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