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H loss mechanism during anneal of silicon nitride: Chemical dissociation
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Remote plasma enhanced chemical vapor deposited silicon nitrighl,£8), produced at high
ammonia to silane flow ratdgammonia rich shows a reduction of hydrogen during rapid thermal
anneal at temperatures that exceed the deposition temperature. This H release could be either due to
a “slow” atomic diffusion of the covalent bonded atoms between bonding sites, or to a “fast”
molecular diffusion of hydrogen containing moleculesy., b, NH3, SiH,), which dissociate from

the network before they diffuse. In order to determine the dominant mechanism, layers of deuterated
and hydrogenated silicon nitride on top of a crystalline Si substrate were annealed and the
development of the NH- and ND-area densities were measured with Fourier transform infrared
spectroscopy. Comparison of theoretical models with the measurements showed that chemical
dissociation and subsequent rapid diffusion are the dominant processes. These results were
confirmed by secondary ion mass spectroscopy. The experiments indicate that the H reduction in
silicon nitride antireflection coatings of solar cells is mostly due to H migration out of the system
and not into the Si area and make the hypothesis that postdeposition annealing of solar cell
antireflection coatings can cause H-related bulk passivation of the undewdyiBigtherefore
guestionable. ©2000 American Institute of Physid$S0021-897800)09423-§

I. INTRODUCTION II. EXPERIMENT

It has been confirmed several times in recent years tha’htn Sghe;&er:ir:?]t dwnizlgcellllzealrotI?Zﬁsthc?rtt al:g‘é\':sdsg:iftz ((jj'fo
the postdeposition anneal of amorphous silicon nitride anti- guish at o port p orhy
en in silicon nitride, where most of the observation was

reflection coatings increases the internal quantum efficiencg : . .
9 q one with Fourier transform infrare(FTIR) spectroscopy

of underlying Si solar cells-® If this is caused by hydrogen : .
depends mostly on whether the hydrogen is released from thvcgh”e secondary ion mass SpectroscoBiMS) was only

silicon nitride into thec- Si bulk or only into the environment employed as a supporting spectroscopy on a few samples.

L For the test of the atomic diffusion, a stack system was
of the system. Therefore it is important to know the mecha- . . . ; .
. ; depositedFig. 1). It contained ac-Si substrate, a thin layer
nism responsible for the H release.

Bik et al* observed a “slow” H diffusion in low pres- of silicon dioxide, a 400 A layer of deuterated silicon nitride

sure chemical vapor deposit@dPCVD) silicon nitride with (S!XNVDZ)’ and a 490 A layer of _hydrogenated silicon nitride
e . : R (SikNyH,). The oxide layer thicknesses were 4, 10, and
a low diffusion constant with high activation energy of y

2.95+0.15eV. The proposed mechanism is an atomic diffu-
sion of H atoms that jump between covalent NH bonds. mhan
addition to the H transport by atomic diffusion, hydrogen can

also migrate through silicon nitride while it is attached tc_> monia to silane ratio of 20, which causes a high NH and a

small molecules like molecular hydrogen, ammonia, or Si- : ; .
o . I8w SiH content and therefore a low index of refraction
lane. These molecules have small activation energies andych is wanted for good antireflectif&R) coatings. After
therefore high diffusivities at high temperatures. However 9 gs-

unlike atomic H diffusion, this process requires a precedin {he deposition, a 20 s rapid thermal ann@@TA) in an Ar

. . ! . : %nvironment was carried out.
chemical reaction during which the small molecules dissoci-

ate from the networR.Since the dissociation energies and
the activation energy of the atomic diffusion process havéll- FTIR AND SIMS MEASUREMENTS

the same order of magnitudeV rangg the overall H-bond FTIR was used to determine the postanneal bond content

density in a given film is reduced for both mechanisms in ayt ND and NH for the 15 diffusion samplehree oxide
similar way making it difficult to distinguish the two effects {icknesses times five temperatures between 500 and
and their consequences on the H reduction during the anneglo «q. Quantification was carried out by integration of the
Since the possibility of H permeation into tieSi substrate stretching mode absorbance peaks of ND bofig@479
depends on the H density at the interface, the type of I-[:m—l) and NH bonds(~3336 cm}).8 The area densities
transport mechanism in the silicon nitride is of crucial im- \,are then obtained by use of IR-scattering cross sections

The stack systems were deposited by remote plasma en-
ced CVD(RPECVD in a flowing afterglow reactor
configuratiof?” at a temperature of 200 °C and with an am-

portance. following the work of Lanford and Raridand of Kim2°
Figure 2 shows the development of the absorbance peaks for

dElectronic mail: boehme@hmi.de the sample with the thinnest silicon dioxide layer. The results
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FIG. 1. Stack system for the diffusion experiments. Lot inversc'e Temperature '[K'l] s Lot
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. . FIG. 3. Inverse temperature dependence of D and H area density reduction
for the inverse absolute temperature versus bond density rg a sio, layer of 4 A.

duction for the different oxide thicknesses are displayed in

Figs. 3—5. The density reductiomy—n(T) represents the

number of ND or NH bonds that have disappeared from thdace occurs. Therefore, the interface position was located by
system. The graphs have a logarithmic scale for the densitneasuring the O profile that shows a strong peak near the
reduction versus the inverse absolute temperature in order to Si/silicon nitride interface.

show the correlation of the values with the Boltzmann factor.

The SIMS measurements were carried out by Evans Easly. DIFFUSION VERSUS DISSOCIATION MODEL

East Windsor, N3! The process involved 3 keV Cspri- _ . e .
mary ions that were sputtered at a 60° angle of incidence Interpretation of the dommqntdn‘fusmn me_chamsm_fr(_)m
The correlation of the SIMS results with an exact samplethe FTIR data was based on different theoretical predictions

depth is difficult since sputtering processes during the meac—nc the postanneal profiles of the ,8iH, through slow

surement process change the location of atoms in the f”rﬁtomm and fast molecular diffusion. While the two different

and the penetration depth of the primary ions has no absolufgeiha?'srgs tgio notth Iegd :ﬁ S|gfr_1||f|c§1nt21 tcrjllfferent net-H-
accuracy. For the observation of the D diffusion into th8i content reductions, the depth profiies in both cases can vary

it is of crucial importance to know exactly where the inter- profoundly. Diffusion can be described by the diffusion

equation,
’ Daz)(t) (x,t) ey
——D —|n(x,t)=r(x,t),
100 ot Ix
] which is a result of Fick’s law and the continuity equation in
one dimension whera(x,t) is the density of the diffusing
particles, D the respective diffusion constant in the given
80 silicon nitride systemx andt represent the the film depth
0.0008 0.0010 0.0012 0.0014
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FIG. 2. Theoretical deuterium density profiles of the stack system in 2 §IG. 4. Inverse temperature dependence of D and H area density reduction
steps at 900 °C when atomic diffusion is dominant. with a SiQ, layer of 10 A.
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FIG. 5. Inverse temperature dependence of D and H area density reduction |
with a SiQ, layer of 20 A. 20

and the time, and(x,t) is a creation and annihilation rate of

the diffusing particles. The last vanishes in the case of 0

atomic diffusion. In the case of diffusion of molecular disso-

ciation products_r (x,1) does not VamSh’_Smce the_ rnOlngIeS_FIG. 6. Theoretical hydrogen density profiles of the stack system in 2 s steps

can appear or disappear through chemical reactions. This difz 90g °c when atomic diffusion is dominant.

ference between the two mechanisms and the different diffu-

sion constants D of the H atoms and the molecules lead to

different density depth profiles for the two mechanisms. Theyithin the stack. Deuterium in the lower half of the silicon

slow atomic H diffusion can sustain a relatively high concen-nitride layer works as a labeled substance whose chemical

tration near thee-Si substrate even when most of the H nearbehavior is similar to hydrogen, but is nevertheless distin-

the coating surface has already moved into the environmenguishable with spectrometry. If slow atomic diffusion is
The reduction of the H density during dissociation pro-dominant, the hydrogenated layer acts as a diffusion barrier

cesses is homogeneous throughout the film since any densifyr the D atoms by absorbing deuterium from the layer un-

gradient is instantly compensated for because of the higherneath without causing any change in the FTIR spectra.

diffusivity. This rapid diffusion of dissociated molecules can The hydrogen in the top layer however does not have a

also cause a fast mixing of different hydrogen isotofi¢s buffer zone so that a heavy loss of H out of the system can

and D even when these isotopes are spatially separated beake place. This leads eventually to a difference between the

fore the anneal. Chemical dissociation is always accompanitially equal area concentrations of D and H. Figures 6 and

nied by its reverse reaction, recombination into the networkz show this difference between the D and the H diffusion in

As long as one region has a lower concentration of a certai theoretical “worst case” model whose solutions delivered
isotope than the other layer, the respective dissociation rate
is lower than the recombination rate of molecules that have

100 200 300 400 500 600 700 800

diffused out of the neighboring layer. The densityx,t)

2400 2600 2800 3000 3200

3400

therefore becomes depth independent and the reaction rate 0004 7 — ' 1 0.004
r(x,t)=r(t) (=the difference between dissociation and re- <€ —_ 85 depost \
combination rate as well. The different depth profiles of g | \T=50°°C
atomic diffusion and rapid molecular diffusion mechanisms 000318 | \T=600"C\ 0.003
allow therefore a identification of dominant hydrogen loss § T=700°C\
mechanisms in the film. In this regard it is important to be — T=800°C

e 0.002 \ 0002
aware that slow atomic diffusion can also lead to homoge- ) 8 ‘

neous depth profiles if a diffusion barrier at the film surface
(e.g., an oxidgprevents atomic recombination into the envi-

T=90°C
— A

ronment. However, the anneal time needed for the creation 00013 001
of such a homogeneous depth profile due to a surface barrier \
can be chosen such that the density profile cannot relax into 00003 % 0,000

homogeneity even under the worst case assumption, that be-
ing that there is no diffusion at all through the surface.
Even though FTIR is not able to measure depth profiles

400 2600 280 300

with this method by use of two different hydrogen isotopesnet density of ND and NH bonds.

MO 40
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an estimate of the highest possible amount of deuterium thdiABLE I. Fit results of density loss function for parameter
could diffuse out of the system with atomic diffusion. The _ £
fi_rst worst case .ass_umption in this model was atomic diffu- &(‘fe Bond Fit forb=E, /ks (e\a,)
sion with an activation energy 0.3 eV lower than that calcu

lated by Biket al* Second, it is assumed that no H or D can sﬁ jg’é?f 22(2)1 gggg 8'%2
d|ffyse mtq thec-Si region. The.calculgtlon was cgrrled out 4, ND 6847~ 1337 0598 0.115
by integration of a solution of differential E¢l) which had NH 6778+599 0.584- 0.052
been obtained through expansion of an orthogonal system of 20 ND 3099-582 0.2670.050
functions that was matched to the given boundary conditions. NH 5001-1180 0.430:0.102

The results were used for the design of the stack system. The
profiles clearly show that in case of atomic diffusion a dif-

ferent reduction must occur after an initial equality of H and ) ] o )
D area density. place in the films are not known, it is questionable whether a

constant activation energy throughout the entire temperature
range is an appropriate assumption at all. For instance, the 4
V. DATA ANALYSIS and 20 A samples could also allow a higher slope at lower
o . o _ than at higher temperature which would require a fit with a
The values of the initial concentrations were within the'rtemperature dependent activation energy.
error range at about &:510'°cm %, which confirmed the The interpretation of the observed H reduction through
expected thicknesses of about 400 A for each silicon nitrideyissociation into molecules like molecular hydrogen) r
layer. Moreover, within the range of the error, both D and Hgmmonia (NH) confirms similar observations made by re-
!ayers have iniFiaIIy about the same content. As one can segtion dynamic measurements by Boefie simple silicon
in the graphgFigs. 3-5, the concentration losses of both D pride layers with only hydrogen or deuterium. These mea-
and H bonds increase with increasing temperature. ~ surements also showed the implicitly made assumption that
The most interesting result of the diffusion experiment isigotopic effects on the diffusion are negligible in the diffu-
that the magnitudes of the postanneal densities of H and Qion experiment described above. Moreover, the dissociation

are in all cases equal within their error ranges. This observasy hothesis also confirms spectroscopic data observed by Zu
tion strongly supports the dissociation model. Accordingly,g; )13

since the slow atomic diffusion process was not significantly  The results of the SIMS analysis of the stack confirmed
determining the reduction of the bond densities, the permege ohservations of the FTIR measurements. The profiles of
ation of D into thec-Si does not seem to be very likely. b 1 and O(Fig. 8 show the domination of dissociation
Furthermore, the results for different oxide thicknesses afith fast diffusion reaction products at an anneal at 900 °C.
equal temperatures are also equal within their error rangese oxygen density is low in the-Si as well as in the center
The oxide layers with different thicknesses were deposited iy the silicon nitride at about 400 A and it is high at theSi
order to detect possible H or D diffusion into ta€Si, which jnterface and also at the surface, which indicates postdeposi-
could be indicated through higher D/H densities in samplegjon ex situoxidation through exposure to air. The deposited
with thinner SiQ barriers. However, this higher density was ,yide |ayer at thee-Si/nitride interface was thinner than 10
expected only in the case of the presence of slow D diffuf The peak width of the oxide though is at about 150 A.

sion. For that reason, the reduction independence from oxidgnis hroadening of the oxide concentration is presumed to be
thickness also suggests that there is no significant H permey e o oxygen diffusion from the interface layer into the

ation from the nitride into the-Si which also strongly sup- pjyrige and the silicon regions as well as the finite depth

ports the notion that the dissociation mechanisms are muchyso|ution of SIMS, where secondary ions can be scattered

more dominant. not only out of the sample but also into deeper layers causing
In order to see the dependence from the Boltzmann facsy, error for the measurements of underlying layers.
tor, the measured loss function was fitted to the function,

fu(T™H=aexp(—bT ), )

in which the fit parameters am and b. The fit results are 10 H. ‘ O‘ '
displayed in the graphs of Figs. 3—5. Paramatbas only a 2
mathematical but not a physical meaning since it represents 109 D

the bond loss at infinite temperature. Paramétérowever

represents the slope of the data points and can therefore be 107
identified with the fraction of the activation energy of the
bond reducing processdwhatever that isand the Boltz-
mann constant. The results offor the different fits are dis-
played in Table I. As one can see, the fit results for the " 4 ”ﬂ/\pw D i
activation energies are between 267 and 590 meV. The large 10™ ; ‘ epﬂ:n [ ; f
scattering of the fit results is due to the large relative error 0 50 100 150 20 250 300

margins of the low temperatuk®00 and 600 °Cbond den- g, 8. SIMS profiles of the diffusion stack system after a 900 °C anneal.
sity reduction. In fact, since the exact processes that takene initially different profile shapes for D and H are no longer recognizable.

.

10°; e e

density [cm™] _—
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The most interesting features of the SIMS scan are the Bhe D density in this region is almost an order of magnitude
and H profiles. In spite of a completely different initial dis- higher than the H density even though the nitride film con-
tribution, both curves have an almost equal shape and atains about the same, and maybe even a little bit more, H
almost constant throughout the silicon nitride region. The Dthan D. Therefore passivation of tleeSi bulk in this region
curve stretches from about X0 cm 3 at about 750 A may be possible but the size of it is by far too small for
down to 2< 10?*cm ™2 right below the sample surface. The improvement of solar cell emitter regions.
profile of the hydrogen is proportional to the deuterium pro-
file by a factor of about 1.3. It starts withx310?*cm 3 and  VI. SUMMARY AND CONCLUSIONS

1 —3
reduces to about 2:610*'cm™* below the surface. The de- FTIR and SIMS measurements have shown that the slow

cline of these curves clearly indicates that a slow AOMICy o mic diffusion of H in ammonia rich silicon nitride does

diffusion process is present in the_system. However, this PrOaxist but the fast diffusion of dissociation products is much

%ore significant. The results strongly suggest that H perme-
moving dissociation products, which are confirmed by the g gly sugd b

. . . ation into thec-Si region through annealing is unlikely,
completely identical shape of the H and D profiles and th herefore improvement af-Si solar cells by hydrogen bulk
strong net reduction of D and H from the original unanneale

. e , assivation is very unlikely during the postdeposition anneal
sample. While the initial D and H concentration was at abou y y g P P

i f AR coatings.
6om 2
islééglmfgn , the SIMS profiles only total about 1-1.1 In order to make a better statement about the passivation

. of c-Si cells, electronical measurements are necessary as
Another feature of the SIMS analysis was the H and D y

orofile in the c-Si below the c-Siloxide/nitride interface well as a deeper understanding of the dissociation processes
} el " that explain which dissociation reactions take place at differ-
Both H and D reduce within 10-20 nm from about 3 P P

_ ) ent rates and temperatures.
x10?cm ™2 by two orders of magnitude down to 3 P
9 73 . . . .
X 18118(;m73' Since the detection limit Of_ H_ was ,8 1F. Duerinckx, J. Szlufcik, A. Ziebakowski, J. Nijs, and R. Mertens, Pro-
xX10%cm ™, no statement about the H profile s possible  ceedings of 14th European Photovoltaic Solar Energy Conference, Barce-
beyond this limit. However, the D density remained clearly lona, 1997.
above its detection limit of & 10" cm ™3 within the first 200 2F, Dugrinfckxet aI.,I\IID_rocele;gi’régs of 13th European Photovoltaic Solar En-
Qi . . ergy Conterence, Nice, .
nm of tl’;e; %I bu_ll(' -_rhde_ Sltze tﬁn? ?IS_O the Shgps OfSH:/IISS 3J. Szlufciket al, Proceedings of 12th European Photovoltaic Solar En-
apparen ensity Indicate that It Is caused by ergy Conference, Amsterdam, 1994.
artifacts—D atoms that were sputtered during the measure*w. M. Arnold Bik, R. N. H. Linnsen, F. H. P. M. Habraken, and W. F. van
ment from the crater edge with high D content into th&i  der Weg. Appl. Phys. Let€6, 253001950, (1977
crater with low D content. Therefore, significant permeation G Lhco(\e/lgk;a/np D IR;icHardegs n\e/r’Ts'u gc;oiiﬁngnd R J. Markunas. J
of D from the silicon nitride film into the-Si region cannot Vac. Sci. Technol. A4, 681 (1986.
be confirmed which makes passivation of solar cell emitters7G_._Bruno, P. Capezutto, and A. Maddtlasma Deposition of Amorphous
through hydrogen from 800 A antireflective coatings ques-Silicon Based MaterialgAcademic, Boston, 1995
tionagle X\cco%ding to Mber 2 the hydrogen dens?ty qfor 8S. Pinchas and I. Laulichiyfrared Spectra of Labelled Compoun@sca-
- : e ’ ] demic, London, 1971 p. 8.

Si-bulk passivation has to exceed the defect density of thew. A. Lanford and M. J. Rand, J. Appl. Phy49, 2473(1978.
respective bulk material. Even under the assumption that nng. S. Kim, Ph.D. thesis, North Carolina State University, 1990.

; Qi ; M. S. Denker, Secondary lon Mass Spectroscopy Analytical Report, Tech-
:lrltl?eic;[thse tijta';otr::”lsmf:gz ?rI]éeg:jE otkfjlseeg/(aer(ljSEIiSSIrl\T]/leSazlﬁed nical Report No. EE 99-2250, Evans East, 104 Windsor Center, Suite 101,
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would not exceed the intrinsic bulk defect densities of'2c. Boehme, Diploma thesis, Ruprecht-Karls-Univétsitbleidelberg,
poly-Si (<10 substrates and barely even those of mono- 2000

. - . . . . 3 -Fi illi
crystalline Czochralski S&10'%).4 The only region within \Z/afusg f:é‘;‘;z IF"'AQ(?”' 6?675(;6;:;& M. J. Williams, and G. Lucovsky, J.
the c-Si where a significant amount of deuterium could bes; " ; waler, Semiconductors for Solar Cellrtech House, Boston,

located is within the first 1020 nm. The profiles show that 1993.
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