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The influence of a short high-temperature step, comparable to the so-called “firing” of the
metallization on silicon solar cells, on properties of high-rat®(5 nm/s) plasma deposited silicon
nitride (a-SiN,:H) films has been investigated. TheseSiN, :H films are used as antireflection
coating on multicrystalline silicoimc-Sj solar cells and, after the firing process, they also induce
hydrogen bulk passivation in the mc-Si. Three different types of remote plasma depoStsid: H

films have been investigated) expanding thermal plasm&TP) depositeda-SiN, :H films from

a N,—SiH, gas mixture(ii) ETP deposite@-SiN, :H films from a NH—SiH, mixture, and(iii)
microwave plasma depositedSiN, :H films from a NH;— SiH, mixture. The atomic composition

and optical and structural properties of the films have been studied before and after the
high-temperature step by the combination of elastic recoil detection, spectroscopic ellipsometry, and
Fourier transform infrared spectroscopy. It has been observed that the high-temperature step can
induce significant changes in hydrogen content, bonding types, mass density, and optical absorption
of the films. These thermally induced effects are more enhanced for Si- than for N-rich films, which
in some cases have a high thermal stability. Furthermore, the material properties and the influence
of the high-temperature step have been related to the bulk passivation propertiesabitkig H

coated mc-Si solar cells. It is found that in particular the density and thermal stability of the
a-SiN, :H films seem to be important for the degree of the bulk passivation obtained2008
American Vacuum SocietyDOI: 10.1116/1.1609481

[. INTRODUCTION these defects do not act as recombination traps for photoge-
nerated minority charge carriers within the Si band gap. Fur-
Along with a traditional wide range of applications in thermorea-SiN, :H films can also lead to efficient reduction
microelectronics;” silicon nitride (@-SiN,:H) films depos- ot yecombination losses at the surface of the Si solar cells
ited by plasma enhanced chemical vapor depositiorai_e_, surface passivation
(PECVD) have recently also gained deep interest from the A hmpber of studies have been devoted to elucidate the

photovoltaics industry. The application afSiNy:H films is  jeiying mechanisms of surface and bulk passivation of Si
regarded as one of the most promising antireflectidR) solar cells as induced bg-SiN,:H.6~8 Bulk passivation

and defect and impurity passivation schemes for solar celléan be achieved by a short high-temperature step, the so-
based on low-cost silicon materials, such as multicrystalline ’

. o . } ctalled firing process, which is used for the application of
silicon (mc-Sj and Si ribbons. Plasma depositea- SiN, : H .g P . N bp .

. . : X . screen-printed metallization ef SiN, :H coated mc-Si solar
films are well suited to reduce reflection losses of light inci-

dent on Si solar cells due to the combination of a good oppells. During this firing process, defect passivation in Si is

tical transparency with a tunable refractive indéxbut at Obtsa_‘:\? e?_| tfnll hyd:jogtjs nt (sjpﬁe ces tthats_a r:a releaseld :r(()jr_n the
the same time also a variety of electronic deféttginsic or a-si:H fiim an at diftuse into ! n'severa studies,
extrinsig of mc-Si can be passivated by applying a high_models have been proposed for the diffusion of these hydro-

temperature step to the-SiN,:H layer. When passivated, 9€" SPecies into silicon in the form of atomic hydrode,
molecular hydrogen (&), and ammonia (NK).**! Further-

Electronic mail: w.m.m kessels@tue.nl more, vacar)cy—hydrogen complex generation and Al-
YElectronic mail: m.c.m.v.d.sanden@tue.nl enhanced void generation have been suggested to occur dur-
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ing the firing process of screen-printed Al-basedplasma has been used for the preparatioa-&iN, :H films

contacts”®~*®Furthermore, the retention of the atomic hydro- at the Eindhoven University of Technology while the MW

gen at defect sites during the rapid cooling of the cells im-PECVD technique has been employed at the Energy research

me_d|ately after the firing process t(g obtain enhanced passgenter of the Netherland€ECN). Three different types of

vation effects has been considefed” _ _ a-SiN, :H films have been investigated for comparison pur-
An important issue for the application afSiN,:H films  poses:(i) ETP depositeca-SiN, :H films deposited from a

in the photovoltaic industry is the deposition rate of theNz—SiHA gas mixture, (i) ETP depositeca-SiN, :H films

a-SiN, :H. Increasing the deposition rate is a real Cha”engedeposited from a Nk SiH, mixture, (i) and MW depos-

in large-scale solar cell production because at higher deposjgeq a-SiN, :H films deposited from a Nk SiH, mixture.

tion rates investments in equipment can be kept relatively-o, convenience, these three typeseBiN, :H films will be

low reducing the costs per wafer processed. In our receffferred to as “ETP B,” “ETP NH 5,” and “MW NH 5"

work,*"**the expanding thermal plasni&TP) technique has s respectively,

been shown to provide bulk passivatiagSiN,:H layers at The ETP deposition system has been extensively de-

high deposition rates. These deposition rates of the ETBqjneq in the literaturé®=2! and it will be described only

afS'NX:H films are in thg range of 1_,20 nhm/s and are mUChbriefly here. In a cascaded arc plasma source, a thermal

higher than those o&-SiN,:H deposited by conventional plasma is generated at subatmospheric pressurdkPa)

PECVD methodstypically, 0.1 nm/s"" The ETP.teChmqye by running a dc current through a small plasma channel op-
belongs to the class of remote PECVD techniques with a8 ated on pure Ar(when using NH) or a mixture of

major advantages over the direct plasma technig@gdn- Ar—No—H. (wh . ”
. . Ar—N,— en usin . Driven by a large pressure
dependent control of the processes in the downstream region 2—H ( g N y ge p

(il) decoupling of the plasma parameteié) and almost no gtadient, this nondepositing plasma expands into a low-
ion bombardment on the substrate. lon bombardment Caiﬁ)ressure €20 Pa) downstream deposition chamber. In this

however, be applied by the application of an external biasd’qwnstre_am region, a mixture of NHS|H4_or pure SiH is .
injected into the plasma expansion region when working
voltage to the substrate.

T .with NH3 or N,, respectively.
Although significant progress has been made recently in The resulting reaction products, which are created by the

terms of passivation of solar cells by plasma depositeclint raction of reactiv : manating from the olasm
a-SiN, :H films, there is still no complete understanding of eraction of reaclive species emanating 1ro € plasma

the mechanism of bulk passivation BySiN, :H for mc-Si source, deposit on the substrate holder located at a distance
:

solar cells. This is partially due to an insufficient understand-Of 70 cm from the plasma source. This specific .plqsma
ing of the fundamental properties of theSiN, :H that affect source to substrate distance was chosen because it yields a
W

hydrogen release and hydrogen diffusion into mc-Si, such ageasonal%e uniform film thickness on a substrate area of
the atomic composition, microstructure, density, and hydro-100 cnf. o
gen bonding types. Especially, the dependence of the bulk Substrates can be placeq'at the substrate holder which is
passivation on thesa-SiN,:H properties has not been ad- Made of aluminum and positioned on a yoke. The yoke can
dressed in detail. The motivation for the work presented i€ Néatéd up to 500 °C using Ohmic heating. The substrate
this article is, therefore, to study hoa+SiN,:H film prop- tempergture was maintained _at 3§O°C for the deposition of
erties are related to the degree of bulk passivation obtainei€a-SiN,:H films presented in this study. The thermal con-
after the firing process. In particular; SiN, :H films depos-  tact between the yoke, substrate holder, and substrate is op-
ited by remote plasmas at high deposition rates have bedhnized by a He backflow, leading to a maximum tempera-
investigatedti) a-SiN, :H films deposited by the ETP tech- ture difference of 15°C between the yoke and substate.
nique from a N—SiH, gas mixture (deposition rate is wide range of ETRa-SiN,:H films, from N rich to Si rich
~8nm/s); (i) a-SiN,:H films deposited by the ETP tech- and with different hydrogen concentrations, has been pre-
nique from a NH—SiH, mixture (~4nm/s); and iii) pared using different plasma operating conditions. The gas
a-SiN, :H films deposited by a remote microway®w) flows and other discharge parameters for the ETP deposited
plasma operated on a NHSiH, mixture (~0.7 nm/s). To @ SiNc:H films from N,—SiH, and NH;—SiH, gas mixtures
examine the influence of the firing process, the composiare given in Table I. The corresponding deposition rates are,
tional and optical properties of the films have been systemtypically, ~8 and~4 nm/s for the ETP Mand ETP NH
atically studied before and after a high-temperature step thdims, respectively.

mimics the heat treatment of the film during the firing pro- The MW remote PECVD system at ECN has been devel-
cess. The film diagnostics used are elastic recoil detectiofped in cooperation between ECN and the company Roth &
(ERD) analysis, spectroscopic ellipsomet8E), and Fourier Rau and has been reported on previod&ly! The in-line

transform infrared FTIR) spectroscopy. system at ECN, which consists of loadlock and preheating
and cooling compartments, is capable of processing 150 wa-
[I. EXPERIMENTAL DETAILS fers (10< 10 cn? size per hour in a continuous process. The

plasma source is situated in the middle compartment of the
reactor and consists of a quartz tube with a Cu antenna in-

Silicon nitride films have been prepared by two differentside. The source, operating at a microwave frequency of 2.45
remote plasma deposition techniques. The expanding therm@Hz, includes an arrangement of permanent magnets for

A. Film preparation and high-temperature step

J. Vac. Sci. Technol. B, Vol. 21, No. 5, Sep /Oct 2003
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TasLE |. Plasma conditions used for the depositionaeBiN, :H films by sample under an angle of 20° with the surface. The beam
the ETP technique using NCETP N,7) and Nk (ETP NH,') as Shot on the samples was approximately 12°m(8 mm
N-containing precursor gas. The total flow rates of the N-containing an . .

Si-containing precursor gases have been kept constant at 18staudard <4 mm) for all measurements_- Part'c_les re_CO'Ied from the
cnt/s). sample at an angle of 30° with the incoming beam were

identified and energy analyzed by means of an ionization

ETP N, ETP NH, chamber. The resulting energy spectra were converted into
Ar flow (sccd 55 55 concentration depth profiles of the elements present in the
H, flow (sccs 5 0 sample. Special care has been given to hydrogen. In the case
NNIj ﬂf?g\vN (fscsfs 1:17 15'_'17 of large hydrogen concentrat.ions., hydrqgen tends to desorb
SiHi flow (scc8 117 1-3 from the layers unde'r heavy ion |rrad|§1t|6€f1j’herefore, the
Downstream pressur@a 18-20 18-20 hydrogen concentrations were determined in a separate mea-
Cascaded arc currefd) 45 45 surement using a solid state detector with a large opening
Cascaded arc voltag®/) 210 70 angle. During this measurement the hydrogen content in the

film was monitored as a function of ion dose and extrapo-
lated to its initial value. The atomic density of the films has
en quantified by dividing the areal density from ERD by
the thickness of the films as determined by spectroscopic
ellipsometry. The inaccuracies in the atomic densities and

electron confinement in the plasma. The plasma is operat
on NH;, which is injected close to the quartz tube. In the
downstream region, SiHis injected into the plasma. The ; 0
a-SiN, :H films presented in this article have been depositeoconcemr"’m.cmS are Ie.ss than 5./0' . .

at a substrate temperature of 350°C and in the pressure T'he.optllcal and infrared V|br.at|onal prope.rtles O.f 'the
range 2—30 Pa. Some of these conditions have systematica ;SiNy:H films have _been examined by ultraV|oIet—V|S|t_)Ie
been optimized to obtaia- SiN, :H films with optimum bulk E and FTIR absorption spectroscopy. The spectroscopic ek

assivation performance. Table Il gives the pressure and flo jpsometer used is a rotating_-compensator type (_)f instrument
fatio used fopr the MW depositm}S%N ‘H fiIrr?s The depo- J.A. Woollam, M-2000V), which measures the ellipsometric
sition rate is, typically, 0.7—1.0 nm /sX. ' spectra in the wavelength range 245—-1000 nm with the reso-

The substrates used for both the ETP and MW depositeﬁjtior.] of 470 wavelengths. From the spect.roscopic ellipso-
a-SiN, :H films are 2.5 2.5 cnt pieces of monocrystalline metric data, the wavelength-dependent optical constéms
siliconx wafers(100, float zongF2), p type, 500um thick refractive indexn and extinction coefficienk) and the film

10-20€) cm) covered with approximately 2-nm-thick native structure have been.deter.mlned by opical mode%fﬁ@f?.
oxide. For each deposition condition, tweSiN, :H samples The Tauc-Lorentz dispersion model proposed by Jellison

have been prepared in one deposition run. One of thgnd Modiné’ has been adopted to describe the spectroscopic

samples has undergone the high-temperature step, while tﬁ?t'cal constants of the-SiN,:H films. Despite the com-

other sample is analyzed as deposited for comparison puP— ex mathematical description, the parametrization equation

poses. The high-temperature step has taken place in an infr equires only four parameters and is well suited to fit optical
nctions of a variety of amorphous materials sucla-&3i:H

red lamp heated belt furnace at ECN, which is also used fo 27 .
the firing process of screen-printed metallization of the;ilgli al_aS;eer n:|o dellzirotwhs?stsirllzgdc?(ti? grr:]a&i/:rl]st: (\i/;/)e ; s;lflrfzcr:ul—
mc-Si solar cells. The furnace temperature (700-800°CJ" o ™ . A

and operating timéess than 1 minis specifically optimized & SiNx-H 1ayer(50% voidt 50% bulka-SiN,:H):; iii) bulk

for solar cells coated witla-SiN, :H deposited with the re- a-Sle:H Ia_lyer; (iv) native OX'_de (Si@); and (v) monoc-
mote MW plasma. rystalline Si substrate. The thickness of each layer and the

dispersion parameters have been determined simultaneously
by a nonlinear regression method in the analysis software.

B. Film analysis Prior to the measurements, a bare silicon substrate has been
The composition of thea-SiN,:H films as well as the Measured to define the thickness of the native oxide layer
areal densityexpressed in atoms/@nof the different type and the angle of incidence of the measurements. An initial

of atoms present in the material, has been determined ess for the dispersion model parameters has been extracted
heavy ion ERD analysis at Utrecht UniversityFor these from the values reported for amorphous silicon nitride in the

measurements a 54 Me¥?CL8+ beam was directed at the literature>?’ The error bars for the optical data are, typically,
within the symbols of the data points for the figures pre-

sented.
TagLe Il Pressure and gas flow ratio[ = NH; /(SiH,+ NH3) ] for the MW The information on the hydrogen content and its bonding
depositeda-SiN, :H films ("MW NH 7). configurations has been obtained by infrared absorption
Sample No. o (P R spectroscopy using a Fourier transform infrared spectrometer
(Bruker Vector 22 with a resolution of 4 cm?®. The mea-
1 2 0.62 surements were performed at normal incidence to the sub-
2 10 0.62 .
3 30 0.62 strate. The substrate transmittance spectrum was measured
4 10 0.52 before deposition and the transmittance spectrum of the com-

bination “substrate film” was measured immediately after

JVST B - Microelectronics and  Nanometer Structures
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deposition on the same spot. This procedure gives a reliable 2.0 P m— .
background for the transmittance spectrum in order to extract &5 1-epDOCOmee ]
the absorbance of the film. The absorption coefficient of the ? g'g: g o P01
a-SiN, :H film was deduced from the spectrum taking into =ooLE P oo 9 . '30
account the fringes caused by interference in the film as has ' i o o 1o :\3
been described in Ref. 30. The values of the film thickness N e
that can be obtained by this method are in good agreement r 110 ;
with those determined by SE. From the infrared absorption 30 = = = —x10
coefficient, the integrated absorption intendityf the ab- R 20t AL
sorption bands has been calculated by the relatioﬁjship :@ 10 -AA NN ]
O o ; | : s 3.5
|=f a(w)wdo, 1 - 13.0
LV VYvy l2s5 =
in which a(w) is the absorption coefficient andthe infrared r v vyl 20
frequency. The effective peak frequeneyy of the absorp- = 6 ’ ‘ ’ ‘ o 1.5
tion bands has been calculated as the center of gravity of the o 4t _
bands using the equatith Lug 2l 00000 <o ]
. fa@ede @ 00 02 04 06 08 10
ff_ . — .
T fa(w)do R = [NJ/(IN,]+[SiH,])
I1l. COMPOSITIONAL AND OPTICAL Fic. 1. Ratio N/Si, the H and O concentration, refractive indemeasured

at 2 eV, and optical band gdfy, of the ETP deposited- SiN, :H films from
a N,—SiH, mixture. The films were deposited by varying the relativeaRd
SiH, gas ratio,R=[N,]/([N,]+[SiH,]).

FILM PROPERTIES

A. Properties of the as-deposited films
1. ETP deposited a -SiN,: H films from N ,—SiH,

and NH3;—SiH, . .
surface of the samples. Permeation of the ambient oxygen
Silicon nitride films have been deposited by the ETP techspecies into the bulk reflects a porous microstructure of the
nique under the conditions described in Table |, using differ£Tp N, films. This indicates structural differences between
ent N-containing versus Si-containing precursor gas flow rathe two types of the films deposited from,NSiH, and

tios R with R=[N,]/([N2]+[SiHs]) or R=[NHz]/([NHz]  NH,;—SiH,, which are formed by different gas-phase chem-
+[SiH,]). The composition and optical parameters of the

ETP a-SiN, :H films deposited from the N-SiH, plasma

(ETP N,) and the NH-SiH, plasma(ETP NH;) as a func- 20 ' . l
tion of the flow ratioR are shown in Figs. 1 and 2, respec- & 1.5 Stoichiometric o ]
tively. For both types of the films, tH&]/[Si] ratio increases =10} o U .
with increasingR. This is a common behavior of the plasma Zosf o °© :
depositeda-SiN, :H films. However, the ETP Nfilms show 0.0 = = = 130 ~
a substoichiometri¢N]/[Si] ratio even at high values d® 0 0 O 4o 420 i
while the ETP NH films show a stoichiometric composition . 110 &
at highR. 20 , , ) o T

The hydrogen concentration in the films shows no clear <> ' ' ]
dependence oR. The H content is in the range of 14-22 w100 A i
at. % for the ETP N films, and in the range of 16-19 at. % 5’0 5L VN -
for the ETP NH films. Striking is the presence of a signifi- 0.0 = : i 2.6
cant amount of oxygen atom(§-27 at.% in the ETP N S 12.4
films. These oxygen atoms are incorporated after deposition 3 Vi 122 <
when the films are exposed to air. This is concluded from the A v v 120

. . 6 t } } 1.8
low oxygen concentration for the ETP NHilms and for —
ETP N, films deposited at shorter plasma source—substrate % 4} o © .
distances? Furthermore, the base pressure in the ETP reac- vg ol ¢ 0 < i
tor is 10" 4 Pa while pumped with a 450 I/s turbopump. Post- W ' L L
080 0.85 090 095 1.00

deposition oxidation has been also reported for rf PECVD .
a-SiN, :H films deposited at low temperatutelt should be R = [NH J/(INH ]+[SiH,])
mentioned that the given concentrations are taken from thg 5 The ratio N/Si. the H and O rat ractive ind

. - - 1G. 2. e ratio 1, the an concentration, refractive iInoaxea-
bulk reglon_Of the ERD, depth profiles. The ETP Mrlms ,as sured at 2 eV, and optical band g&p, of the ETP deposite@-SiN, :H
shown in Fig. 2 contain a much lower bulk concentration offjims from a NH—SiH, mixture. The films were deposited by varying the

oxygen, while some additional oxygen is detected on theelative NH, and SiH, gas ratio,R=[ NH5]/([ NH;]+[ SiH,]).

J. Vac. Sci. Technol. B, Vol. 21, No. 5, Sep /Oct 2003
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2.0 T T T . . . :
— Stoichiometric 38
R 2 S - R : (@)
=10 o b 3.2}
Z 05} 1 3 28]
0.0 ' : : 30 __ ~
L 420 § g 241 A .
o 8 0 110 &8 2.0} o
—_ . , . I Effect of [0} — ©
2 1.0 ' ' ' 0 1.6 : :
®osf J 6 =
o _ |2 5! Effect of [0] — © 1
0.0 ﬁ — 26 o 1
L o 124 S a
[ \v/ 122 < "g 3+
v v 120 i
—~ 6 : : : :
= 1.8 j
< 4t < J . . .
Lug © o © Y 05 1.0 15 20
2r , ' INV[SI] ratio, x

0 10 20 30 40
Pressure (Pa) Fic. 4. (a) Refractive indexn measured at 2 eV ar(®h) optical band gaj,

as a function of thg¢N]/[Si] ratio x of three types of-SiN, :H films. The
solid lines are guides to the ey&> ETP N,, O ETP NH;, and A MW

Fic. 3. The ratio N/Si, the H and O concentration, refractive indaxea- NH.)
3).

sured at 2 eV, and optical band g&g, of the MW depositeda-SiN, :H
films from a NH;— SiH, mixture. The films were deposited at different pres-
sures with various mixtures of Nfand SiH, .
3. Material properties versus the [N] [[Si] ratio
of the a-SiN,:H films

istries and by different plasma—surface interactions as inves- To investigate and compare the material properties of the

; ; ; 4-37
tigated in t_he Ilteratur_é. N ree types of-SiN, :H films, the film properties are con-
The optical properties as_shown n F|_g_s. 1 an(_:I 2 are fo_un idered as a function of tH&\]/[Si] ratio x of thea-SiN, :H
to be tully tunable by the film composition, which itself is films. Figure 4 gives the variation of the refractive index
controlled by the flow ratid?. As R increases, the refractive (at 2 V) and the optical band gaBy, determined by SE as
indexn decreases while the optical band gap (defined as a function ofx. It is observed that both and Ey, show a

tho?l eQ?rg_y where t:: N apsgrptlofn h coeff!uelnt equal%:Iear dependence onand that the optical properties of the
107 em ). mcrea.ses.'T € variation of the qptlca ?OnStamsa—SiNX:H films are actually determined by this parameter.
as a function oR implies structural changes in the film from

. . . ) . However, for some values of the refractive index of the
semiconducting-likdlow-band-gap and high-absorptioBi-  prp N, films drops lower than expected on the basis aff

rich films to dielectric(high-band-gap and low-absorption o ETp NH and the MW NH films. This can be attributed
N.'”Ch films for the ETP Iy and ETP N'ﬂ films as sh_own N " to the presence of a considerable amount of oxygen in the
Flgs_. 1 an_d 2. The fact that the ‘?p“ca' pro_pert|es_of thefilms. Since the refractive index of silicon oxide-(.46) is
a-SiNy :H films are tqnable overa wide range is very impor- generally lower than that ad-SiN, :H, the incorporation of
tant for optoelectronic applications. oxygen reduces the refractive indexafSiN, :H compared
to the nominal value. Furthermore, for the MW BRIms, n
is found to be slightly higher than that of the ETP N#Hms,
while Egy, is lower. These observations are most probably
The MW NH; films have been deposited under the con-associated with the higher density of the MW NfIms in
ditions described in Table II. Figure 3 shows the compositiorcomparison with the ETP N{dand ETP N films, as will be
and optical parameters of the MW NHIms as a function of addressed below.
pressure in the in-line deposition reactor. It is observed that Figure 5 shows the variation of the integrated intensity of
the pressure does not significantly influence the properties ahe Si—N absorption bandgalculated by Eq(1)] and the
the films obtained, except for one film that is deposited at 1@&ffective peak frequency of Si—H absorption bamfdalcu-
Pa and with a higher SiHpartial pressure. The hydrogen lated by Eq.2)] as a function ok for the three types of the
content of the MW NH films is slightly higher than 10 at. % a-SiN, :H films. It is observed that the intensity of the Si—N
and is much lower than those of the ETP films as shown irabsorption increases asincreases in the Si-rich regime (
Figs 1 and 2. Furthermore, almost no oxygen contaminatior<1.0) and seems to saturate wheapproaches the stoichio-
was observed< 0.2 at. %). This implies a higher density for metric value ofx=~1.33. A similar behavior has been re-
the MW NH; films compared to the films deposited by the ported in the literature for rf PECVD deposited SiN, :H
ETP technique. films®2 and can be attributed to the fact that the number of

2. MW deposited a -SiN,:H from NH 3/ SiH,
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temperature stefO ETP N,, 00 ETP NH;, andA MW NH3).

Fic. 5. (a) Integrated intensity of the Si—N stretching bands érceffective
frequency of the Si—H bands as a function of {NJ/[Si] ratio x of three ) ) . )
types ofa-SiN, :H films. Solid lines are guide to the ey€d ETP N,, O high-temperature process as a function of[f¢[ Si] ratio x

ETP NH;, andA MW NH3). of the films. The[N]/[Si] ratio itself is not affected by the
high temperature step although the atomic densities of both
Si and N increase slightly. This reveals that only H is re-
leased from the film leading to densification of the film as is
discussed below. The amount of hydrogen released has how-

Si—N bonds are maximized for stoichiometric films. How-
ever, the Si—N absorption intensity decreases when goin
from MW NH; to ETP NH, to ETP N, for one constant ever a strong dependence on th]/[Si] ratio of the

value ofx. This can be attributed again to the lower densitya SiN, :H films. In the Si-rich regionX< 1.0) much more H
- X - . = -

of the ETP NH and ETP N films compared to the MW NEl 10 <o than in the N-rich regior> 1.0) in which the H

films causing a lower areal density of Si and N atoms as : . .
release is relatively small and in some cases not even mea-
revealed by ERD.

Information on the hvdroaen bonding confiquration in surable. This behavior can be related to the difference in
T ydroge 9 9 . bond strength of the Si—-H~3.1 eV) and N-H 4.1 eV)

a-SiN, :H films has been obtained from infrared analysis . e 39 .

L o . . bonds in thea-SiN,:H films.>® The change from Si—H to
by considering the shift in the effective absorption frequen- ) .
; X . R N—H bonds as most abundant bonding type when going from
cies of the Si—H stretching mode as shown in Fi¢o)5 . L : 4 .
: . -~ ., Si- to N-rich films is observed by the infrared absorption
Figure §b) shows that the effective frequency of the Si—H .

measurements that reveal also clearly the influence of the

creases. ‘This. meicates & Suctural modifation i loca1h (ETIPSFatUe Step. Figure 7 shows the FTIR absorpion
' spectra of thea-SiN,:H films before and after the high-

bonding configuration from Si- to N-rich-SiN, :H because .
. . : temperature process step. For comparison purposes, samples
the frequency of the Si—H mode shifts to higher wave num- . S R S
ith a similar value of the refractive index, i.en=~2.1,

bers _When the mean eIectrqne_gathlty Qf the backbonded aﬁyave been chosen for the three different techniques. The ma-
oms increases due to substitution of Si by®NFor some of

the ETP N films this shift is even more pronounced than for 'Itﬁn?rlhp;rc;pirgt(re: glfetgrelszmr\:\e/etglgptshzriiszqurr?era%?eT;téle
the ETP NH films atx=~1.0. This can be attributed to the P y g b b

resence of O atoms which have higher electrone ativiteruces the hydrogen content in the films. The hydrogen
!cohan N atoms 9 9 %onds, represented by the SirH~2000-2250 cm?) and

N—H, (NH~3340 cmi ! and NH, at ~3450 cm'!) stretch-
ing modes, break during the high-temperature step and de-
crease the integrated intensities of the absorption modes. Fig-
ure 7 also shows that the ETB NIm experiences the largest
After the high-temperature step several changes in théoss of H while the H loss in the ETP NHilm is much less
composition of thea-SiN, :H films have been observed in pronounced. Striking is, however, that the release of bonded
reference to the as-deposited films. Probably the most intehydrogen for the MW NH film is almost negligible as al-
esting observation with respect to the application of themost no change in hydrogen quantityithin the experimen-
a-SiN,:H films for solar cell antireflection coatings is the tal errop is observed for the MW NHKfilm. This can once
decrease in H atomic density of the films and the resultingagain be attributed to the difference in the film density for
passivation of the underlying Si material. Figure 6 shows thehese three types @-SiN, :H films.
change in the hydrogen quantity befdee and after(b) the The release of H due to the high temperature is associated

B. Influences of the high-temperature process step
1. Compositional properties
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TasLE Ill. Comparison between the three different as-depositesiN, : H
films with a refractive indexn around~2.1. The films were deposited in
ETP N,—SiH,, ETP NH;-SiH,, and MW NH;—SiH, process.

ETP N, ETP NH; MW NH3
Deposition rate 6.7 3.6 0.7
(nm/9
n 217 2.03 2.15
(at 2 eV
Eos 2.55 3.42 3.45
(eV)
[N] 2.10(34.1at.% 3.15(44.2 at.% 4.22(50.3 at. %
(1072 cm3)
[Si] 2.65(43.0at.% 2.77(38.8at.% 3.26(39.0 at. %
(1072 at cmi %)
[H] 0.95(154 at.% 1.16(16.3at.% 0.87(10.5at. %
(1072 at cmi %)
[O] 046(7.5at.% 0.05(0.7at.% 0.02(0.2 at. %
(1072 at e %)
[N]/[Si] ratio 0.79 1.14 1.29
Mass density 1.88 2.07 2.53

(glcn?)

films. The ETP N films might therefore contain a consider-
able void fraction and the films experience the largest loss in
H by the high-temperature step. The difference in thermal
stability for the Si-rich and N-rich, which might also be re-
lated to the microstructure of the films, is also supported by
the change in mass density of the films, as shown in Fig. 8.
The mass density increases significantly for the Si-rich films
(x<1.0) while the mass density of the N-rich films (
>1.0) remains relatively unchanged by the high temperature
step. Nearly no change in the mass density is observed for
the MW NH; films revealing a higher degree of thermal

by a reconstruction of the film network by reactions such astability of these films compared to the ETR Wnd NH;

Si—H(s)+ N-H(s)— Si—N(s)+ H(g), 3
Si—H(s) + N—Hy(s)— Si—N(s) + NH5(9g), (4)

films. This can again be correlated with the higher density of

the MW NH; films as can be seen from Table 11l and Fig. 8.
Film densification in combination with a significant loss

of H atoms occurs due to the thermal activation as takes

as proposed by Let al*° The release of H in the form of H
or NH; has been reported in mass spectrometry studies dur-
ing anneal studie®*' An enhancement of the Si-N
(~700-1020 cm?) stretching mode after the high tempera-
ture step is also observed for the ETP N&hd MW NH;
films in Figs. 1b) and 7c), respectively. For the ETPNilm
in Fig. 7(a), no enhancement of the Si—N absorption peak is
visible which might be related to the presence of Si—O ab-
sorption bands+ 1070 cm ) in the spectra. The spectra in
Fig. 7(a) show that the film is already oxidized before the
high-temperature step takes place and that the Si—O absorp-
tion band even increases by the high-temperature ($hép
takes place in dry air Si—N bond formation is significantly
influenced by oxygen incorporated in the network for this
type of film, which can be regarded as silicon oxynitride
(a-SiN,Oy :H).

The H release and film reconstruction as observed in Figs.
6 and 7, indicate that the Si-rich-SiN,:H films are less
thermally stable than the N-rich-SiN,:H films. The ETP
N, films have a much lowefN]/[Si] ratio for a refractive
index n=~2.1 compared to the ETP NHand MW NH;
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0.2 . ; . the spectroscopic ellipsometry data of the bulk layer thick-
0.1} é%g O (a), ness () and the surface layer thicknegs) by the expres-
§ 00h -0 ) Dj_ﬂ&@l; _________ ] siond=d,+0.5d,.
< o4l ; The results in Fig. 9 show that the refractive index
' i )l increases after the high-temperature step forah®iN,:H
-0.2 * i ‘ ) films in the Si-rich &<1.0) region, whilen remains un-
392 Sirich = N-rich 1 changed for the films in N-rich regiorx1.0). The optical
Eg 0.0 koo, A@Aﬂ _________ i band gapEy, shows a drastic decrease for the Si-rich
W Lo o a-SiN, :H material while for the near-stoichiometric N-rich
<02} & ; ] a-SiN, :H films, the optical band gap is even slightly in-
0.2 ’ ! ’ ©) creased(by ~3%) by the high-temperature process step.
= ' 1 Both observations can again be explained by the fact that the
S 0.0 _....-..A.i....bAqi..é\_@, __________ _ Si-rich material is less thermally stable than the N-rich
< oal e ] a-SiN,:H. This is also revealed by the decrease in film
02 " ; ‘ thickness of the Si-ricka-SiN,:H films, while the N-rich
0.0 05 1.0 1.5 20 a-SiN, :H films remain relatively unaffected, except for the
[N)/[Si] ratio, x over-stoichiometric X=~1.4) ETP NH film.

The distinct influence of the high-temperature process on

FIG.‘9. Relgtive changes in. the optical fiIm.para‘meters of three types othe optical properties for the Si-rich and N-richa{SiN, :H
a-SiN,:H films as a function of thelNJISi] ratio due to the high- g\ "o he related to the difference in microstructure of
temperature process step. The relative changé)othe refractive index . ) e . )
An/n=(n*-n®)/n, (b) the optical band gap Eqs/Eq.=(EA~EE)/EE,, thesea-SiN, :H films. The Si-rich §<1.0) a-SiN, :H films
and (¢) the film thicknessAd/d=(d"-d®)/d® are presented. The super- behave more likea-Si:H films whose properties are domi-
scripts “B” ar_1d “A” indicate “before” and “after” the high-temperature  nated by the characteristic Si bond clusteﬁﬁg]’he
step, respectivelfO ETP N,, [ ETP N, and A MW NHy). a-Si:H-like films have a high refractive index, a narrow band

gap and a semi-conducting character and at high tempera-

tures these films lose H atonfsee Fig. 6 and densification
place during the firing process. Furthermore, densification i®ccurs. The connectivity of the Si—Si bonds is increased by
a consequence of the decrease in number and size of micrénhanced Si-Si bond clustering. Consequently, the optical
scopic voids after the high temperature step. Microscopi®and gap decreases after the high temperature step. On the
voids can, for example, represent the vacant space aroursdher hand, the behavior of the N-rick%1.0) a-SiN,:H
H-terminated defect® The loss of H atoms and decrease in films is quite different from that of the Si-rich counterparts.
microscopic voids lead to a rearrangement and restructuringor the N-rich films, the majority of the bonds in the film
of the atomic network in the films and as a consequence theetwork are the stronger Si—N bondsond energy: 3.45
average atomic distance between the atoms decreases. Theg¥), which replace the weaker Si—Si bon@®ond energy:
fore the total atomic density in the film increases while the2.34 eV} when the[N]/[Si] ratio increases. Tha-SiN,:H
[NJ/[Si] ratio remains approximately constant. films get a stronger ionic-like covalent Si—N netwdgimi-

It is observed that the densification due to the high-lar to a Si-O networkfor increasingINJ/[Si] ratio and the
temperature process step is more pronounced in Si-sich (Stoichiometric silicon nitride (SN,) is a well-known wide-
<1.0) than N-rich k>1.0) a-SiN,:H films as shown in band-gap ¢-5.1 eV) and high-density~3.3 g/cn) dielec-

Fig. 8. The initially less dense Si-riciSiN, :H films expe-  tric material®® Therefore, if densification occurs in the di-
rience much more densification. This behavior has been otglectric material, the optical band gap can increase while the
served befor® and is in good agreement with the ellipso- refractive index increases. Brovet al. have observed also
metric study by Alterovitzet al.,** who showed that the an increase in the absorption edge together with an increase
reduction in void fraction for the Si-rich-SiN,:H films was  in the refractive index for PECVD N-ricla-SiN,:H films
larger than for the N-rich stoichiometrie SiN:H films dur-  after a rapid thermal anne®l.For near-stoichiometric X
ing rapid thermal annealing. =~1.33) a-SiN, :H, this unique behavior of tha-SiN, :H
films has also been observed after thermal activation of
a-SiN, :H by ultraviolet irradiatiorf:?

2. Optical properties

. Fi?h“re gfprefem.s Lhe diﬁe{e”fii” gptica' film dp]f.ilra”:ﬁ.telisrv. DISCUSSION ON THE EFFECT OF THE FILM
.€., The retractive index, optical band gap, and tim tick-pp apeRTIES ON THE BULK PASSIVATION

ness, of thea-SiNy:H films before (B) and after(A) the 4 vy T|CRYSTALLINE SILICON SOLAR CELLS
high-temperature step. The relative changes in refractive in-

dex (at 2 eV) An/n=(n*-nB)/nB, optical band gap In this section, the observations addressed in Sec. Il will
AEO4/EO4=(EQ4—E§4)/ES’4, and film thickness Ad/d be related to previously reported experiments in which the
=(d*-d®)/d® are given as a function of tH&]/[Si] ratiox  performance of tha-SiN, :H films with respect to bulk pas-

of the films. The total thicknesd is taken calculated from sivating antireflection coatings on multicrystalline silicon so-
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1.3 ' » ' ' , loss in H concentration, the hydrogen species probably dif-
fuse mainly out into the ambient instead of diffusing into the
MW NH mc-Si material to passivate defects. This diffusion into the
s L .
12} ETP indust. : ambient is most probably facilitated by the lower mass den-
ETP NH ey 2% sity of the ETP N films compared to the ETP Nj-and MW
3{% N NHj; films and the related porous microstructure. Moreover,
11k _ the results show that the hydrogen atomic density in the as-
ETP ;\?* depositeda-SiN, :H film is not directly related to the degree
2 of bulk passivation obtained. Apparently, not the amount of
10 ‘ . . , . hydrogen but the process of out-/in-diffusion determines the
M6 18 20 22 24 26 28 degree of bulk passivation obtained by the SiN film after
Mass density (g/cm’) firing. Consequently, a high atomic density and high thermal
stability of thea-SiN, :H film appears to be one of the fac-
Fic. 10. Relative internal quantum efficientQE) of thea-SiN, :H coated  tors which are important for obtaining a high level of bulk

mc-Si solar cells measured at 1020 nm as a function of the mass density of T . o L6
thea-SiN, :H films. The values are taken relative with respect to solar cells assivation. A hlgh thermal Stab”'ty @'SlNX'H films has

coated with ara-SiN, :H antireflection coating but without bulk passivation 2SO _bee.n repor_tgd tg be important for high quality surface
(see Ref. 17 The film properties of the threeSiN, :H films are listed in  passivation of silicorf’
Table Ill. Furthermore, the relative IQE value and the corresponding mass  More evidence for the relation between the atomic density

density is given for a solar cell with-SiN, :H film (refractive index-2.1), _QiNl - : N yati ;
which is deposited at high rate by an industrial-type ETP readdiP of the a-SiN,:H film and the degree of bulk passivation is

indust). The relative IQE values can directly be compared with each otheProvided by an experiment in_ W_hiCh an inplustrial-type of
because the solar cells have been manufactured form neighboring wafeESTP reactor has been us&ds indicated in Fig. 10, a solar

from th(_e same ingot.and have undergone the same processing apart from thg|| coated witha-SiN, :H by this reactor revealed a higher
deposition of thea-SiN, :H. degree of bulk passivation while the mass density of the
a-SiN, :H (refractive index~2.1) was also higher than for
the other ETP deposited films described in this article. Fur-

lar cells has been investigatédFrom this more insight into  thermore, this experiment revealed that the bulk passivation
the mechanism of bulk passivation of solar cells byquality obtained by the ETP technique is nearly as good as
a-SiN, :H can be obtained. achieved with the ECN microwave technique.

The three types of tha-SiN, :H films described in Table Finally, we want to remark that a possible influence of
Il have been applied to industrial-type mc-Si solar cells asaluminum-enhanced diffusion of hydrogen into the Si has not
bulk-passivating AR coatings. The specific deposition condibeen addressed in this study. In the literature, it has been
tions have been chosen such that a refractive index®fL  reported that the simultaneous firing process step of the
at 2 eV and a film thickness of 75 nm is obtained. Gener- a-SiN, :H and the formation of an Al back surface field on
ally, these film parameters yield an “optimized” single AR the back of solar cells enhances the hydrogen passivation of
layer on then® p-type mc-Si cells (1810 cnf size, 330  the bulk defectd>'®This effect might have taken place dur-
um thick). The bulk passivation of the mc-Si solar cells by ing the production of the solar celisontaining an Al back
thea-SiN, :H films as induced by the firing process has beensurface fieloft” discussed in this section, but has not been
investigated by analyzing the internal quantum efficiencystudied in Sec. Il in which the influence of the high-
(IQE) of the cells. As also reported previousfy;®bulk pas-  temperature step on tie SiN, :H properties has been inves-
sivation has been observed for all three typega-@iN, :H tigated.
films as concluded from an enhancement of the IQE at long
wavelengthsred respongecompared to cells without bulk
passivation. However, the degree of bulk passivation dey' CONCLUSIONS
pends on the type dai-SiN, :H applied as shown in Fig. 10. The influence of the so-called firing process on the com-
Figure 10 shows the relative IQE at 1020 nm for the threepositional and optical properties of high-rate remote plasma
differenta-SiN, :H films on mc-Si solar cells as a function deposited silicon nitride films has been investigated. These
of the mass density of tha-SiN,:H films. Because the a-SiN,:H films have an important application as antireflec-
mc-Si solar cells have been manufactured from neighboringion coatings on mc-Si solar cells in which the firing of the
wafers from the same ingot and have undergone the sammetallization through the silicon nitride film leads to bulk
processing, the relative IQE values can directly be comparegassivation of the defects in the mc-Si. Three types of remote
with each other. Figure 10 suggests therefore that the degrgdasma deposited-SiN, :H films have, therefore, been in-
of bulk passivation increases with increasing density of thevestigated before and after a high-temperature step that mim-
a-SiN, :H films. ics the firing process: expanding thermal plasma deposited

The correlation between bulk passivation and the filma-SiN, :H films from a N.— SiH, gas mixture, ETP deposited
mass density as suggested by Fig. 10 implies that a larger-SiN, :H films from a NH;— SiH, mixture, and microwave
loss of H atoms from tha-SiN, :H film by the firing process plasma deposited-SiN, :H films from a NH;—SiH, mix-
does not simply lead to a higher degree of bulk passivation iture. It has been observed that the high-temperature step can
the mc-Si cells. For the ETPNilms, which show the largest result in significant changes in the film properties. Hydrogen

Relative IQE at 1020 nm
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