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Dominant hydrogen dissociation reactions during annealing of hydrogenated amorphous-silicon
nitride were determined by comparison of the bond density dynamics with various reaction models.
The sample material was produced with remote plasma-enhanced chemical-vapor deposition,
deposited at high-ammonia-to-silane flow ratios~ammonia rich!. The heat treatment was performed
with rapid thermal annealing at various annealing temperatures and times as well as samples
containing different stoichiometries and isotopes~hydrogenated and deuterated!. The experiments
showed that hydrogen loss during annealing is mostly due to molecular hydrogen (H2) release as
long as SiH bonds are contained in the film. After their exhaustion, an ammonia (NH3) producing
reaction prevails at temperatures between 600 and 900 °C. ©2001 American Vacuum Society.
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I. INTRODUCTION

The concentration of bonded hydrogen in amorpho
silicon nitride films is reduced significantly during postdep
sition anneal at temperatures above the deposition temp
ture. It has been shown that the dominating mechanism
the reduction of ammonia-rich remote plasma-enhan
chemical-vapor-deposited ~RPECVD! silicon nitride
(SixNyHz) is a ‘‘fast’’ ~low-activation-energy, high-
diffusivity! diffusion of small molecules that have dissoc
ated out of the silicon-nitride network, while other mech
nisms like atomic diffusion do not play an important role.1 A
better qualitative and quantitative understanding of th
chemical reactions, especially in regard to different silico
nitride stoichiometries, can contribute to the explanation
bulk and surface passivation processes through postde
tion anneal of solar cell antireflection~AR! coatings.

II. EXPERIMENTS

The experiments were based on rapid thermal annea
of stack systems with a Cz–Si substrate underneat
RPECVD silicon-nitride film deposited at high-ammonia-t
silane ratios. The first measurement series was carried ou
the samples with an ammonia-to-silane deposition flow ra
of R520. In order to ensure comparability with previou
diffusion experiments,1 400-Å-thick silicon nitride was used
However, for reduction of the large signal-to-noise ratio
the Fourier transform infrared~FTIR! measurements, a
higher thickness of 800 Å was then used for samples w
deposition flow ratios ofR54 andR510. The quantitative
dynamics of the process was observed by measuring the
drogen bond area densities after the anneal at different
neal times. In order to get information about SiH- and N
bond interactions and for reproducibility tests, a
experiments were carried out twice—with films deposit
with deuterated ammonia (ND3) as well as films deposited
with regular hydrogenated ammonia (NH3). The matrix of

a!Present address: Hahn-Meitner-Institut Berlin, Kekule´strasse 5,
D-12489 Berlin, Germany; electronic mail: boehme@hmi.de
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this experiment contained, therefore, three deposition fl
ratios ~R54, R510, andR520! times two isotopes~H and
D! times six anneal times~20, 45, 70, 200, 400 and 800 s!
times six anneal temperatures~500, 600, 700, 800, 900, an
1000 °C!. At each sample the area bond densities of S
SiH, ND, and NH were measured with FTIR spectroscop

III. DEPOSITION AND ANNEAL

The sample stacks were deposited by remote plas
enhanced chemical-vapor deposition in a flowing aftergl
reactor configuration2,3 at a temperature of 200 °C. Befor
deposition of the silicon nitride layer, a 4 Å oxide layer was
produced with plasma oxidation in order to improve t
c-Si/nitride interface quality. All three ammonia-to-silane r
tios were high in order to produce silicon nitride with lo
dielectric functions, a desirable property of good AR co
ings. After the deposition, the rapid thermal anneal~RTA! in
an Ar environment was carried out at the times and temp
tures mentioned above. For this process a Heatpulse 61ex
situ instrument was used.

IV. FTIR AND SIMS MEASUREMENTS

A Nicolet Magna IR 750 FTIR spectrometer was used
determine the postanneal hydrogen- and deuterium-b
content of the 216 samples. The quantification was car
out by integration of the stretching mode absorbance pe
of SiD bonds ('1573 cm21), SiH bonds ('2182 cm21),
ND bonds ('2479 cm21), and NH bonds ('3336 cm21).4

The area densities were then obtained by use of IR-scatte
cross sections according to Lanford5 and Kim.6 Because of
the ammonia-rich deposition of the samples, the SiH and
densities were below the detection limits in most of t
samples. Only a few samples at low anneal temperatures
short anneal times had recognizable SiH or SiD pea
These, however, could not reveal much quantitative inform
tion because of the high-signal-to-noise ratio. Table I sho
the anneal times after which no SiH and SiD could be
tected.
26221Õ19„5…Õ2622Õ7Õ$18.00 ©2001 American Vacuum Society
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TABLE I. Anneal times after which SiH- or SiD-bond densities reduced below the detection limit.

T(°C) R54, D R54, H R510, D R510, H R520, D R520, H

500 800 s 800 s 70 s 200 s 70 s 0 s
600 400 s 45 s 0 s 0 s 20 s 0 s
700 20 s 0 s 0 s 0 s 0 s 0 s
800 20 s 0 s 0 s 0 s 0 s 0 s
900 0 s 0 s 0 s 0 s 0 s 0 s
1000 0 s 0 s 0 s 0 s 0 s 0 s
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The quantitative analysis was, therefore, carried out
the NH- and ND-bond densities. The plots in Fig. 1 show
time developments of the ND and NH peaks at differe
anneal temperatures for the example of a deuterated sili
nitride film with an ammonia-to-silane deposition ratio
R510. One can clearly recognize the increasing bond l
with increasing time and temperature.

The FTIR-derived area densities were then calculated
described above and for comparability reasons normal
on the initial densities of the respective samples. The res
as well as the error bars for the entire measurement serie
displayed in Figs. 2, 3, and 4. Since the values displayed
based on peak-integrated intensities, the error margins
pend on the noise of the FTIR spectra as well as the spe
Surfaces, and Films
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resolution of the spectrometer. The latter value was o
given as an upper limit, which means that the margins of
error bars represent only an upper limit of ones as well. The
relative errors of the samples with flow ratio 20 are sign
cantly higher in comparison to the samples for flow ratios
and 4 because of the worse signal-to-noise ratio that
caused by the different sample thicknesses.

The secondary ion mass spectroscopy~SIMS! measure-
ments were carried out by Evans East, NJ. The process
volved 3 keV Cs1 primary ions that were sputtered at a 60
angle of incidence. The use of SIMS was carried out o
supportively on a few samples in order to confirm the app
cability of the ‘‘fast diffusion after chemical dissociation
model for the data interpretation as discussed elsewhe7
-
o-

t
t

FIG. 1. FTIR spectra of deuterated
silicon-nitride films annealed at sev
eral temperatures and times. The dep
sition flow ratio was 10. The ammonia
isotope was ND3. Quantification was
carried out for the ND peaks a
2479 cm21 only since the NH peaks a
3336 cm21 are too small for reason-
able relative errors.
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Figure 5 shows the deuterium, hydrogen, and oxygen pro
for a sample with an ammonia-to-silane deposition flow ra
of 10, annealed for 800 s at 1000 °C. The postanneal den
of deuterium and hydrogen is constant within the 80-n
thick nitride film. As explained in the following section,
depth inhomogeneity would have had to develop, if chem
dissociation of hydrogen or deuterium had not been do
nant during annealing.

V. DISSOCIATION MODEL IN SILICON NITRIDE

Atomic diffusion processes of hydrogen have activat
energies at about 3 eV.8 As shown elsewhere,1,9 such mecha-
nisms lead to strong hydrogen density gradients within
silicon-nitride layer at anneal temperatures, anneal times,
for sample geometries as given in the experiments descr
above. If a postanneal hydrogen profile is homogeneou
transport mechanism of hydrogen must be present that eq
izes the density gradients very fast~low activation energy!
and leaves, nevertheless, large quantities of hydrogen u
fected. This observation can be explained by rapid diffus
of dissociation products whose activation energies are in

FIG. 2. Time evolution of the normalized NH/ND-area bond densities
samples deposited with hydrogenated/deuterated ammonia at an amm
to-silane deposition flow ratio of 4 and fit results for the ammonia disso
tion mechanism.

FIG. 3. Time evolution of the normalized NH/ND-area bond densities
samples deposited with hydrogenated/deuterated ammonia at an amm
to-silane deposition flow ratio of 10 and fit results for the ammonia dis
ciation mechanism.
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meV range.1 The assumption that small dissociation produ
diffuse rapidly out of the system implies that the chemic
reactions between the large covalent network and the s
diffusing molecules never remain in a chemical equilibriu
with constant reaction rates in both directions unless
trivial state is reached where these rates and the conce
tion of the molecules are zero. As long as small molecu
are in the network, there is an escape rate out of the sys
and an equilibrium cannot be reached. For the qualita
interpretation of the data, various chemical reactions of
drogen in a silicon-nitride network were considered. Sin
the diffusion processes of the molecular species are v
high, any concentration gradient is equalized immediate
which means faster than the time resolution of the meas
ments. The dissociation of small molecules was anticipa
therefore, processes involving molecular hydrogen (H2), am-
monia (NH3), hydracine (N2H4), single NH and NH2

r
nia-
-

r
nia-
-

FIG. 4. Time evolution of the normalized NH/ND-area bond densities
samples deposited with hydrogenated/deuterated ammonia at an amm
to-silane deposition flow ratio of 20 and fit results for the ammonia dis
ciation mechanism.

FIG. 5. SIMS profiles of the sample with an ammonia-to-silane deposit
flow ratio of 4 after an 800 s anneal at 1000 °C. The H and D densitie
the nitride region are mostly constant, which confirms the assumed d
independence of the deuterium- and hydrogen-dissociation reactions.
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TABLE II. Chemical reactions of hydrogenated silicon nitride into molecular hydrogen, ammonia, silane
lane, and hydracine.

Ebond
educ Reaction Ebond

prod DE

1 7.78 eV 2N2H↔H21N2N 6.23 eV 1.55 eV Unlikely for lowT
sinceDE.0

2 6.34 eV 2Si2H↔H21Si2Si 6.83 eV 20.49 eV Unlikely sincenSi2H!

3 7.06 eV Si2H1N2H↔H21Si2N 8.92 eV 21.86 eV Likely as long as enough
Si2H bonds are present

4 12.68 eV 4Si2H↔SiH4 13.20 eV 20.52 eV Unlikely sincenSi2H!

5 22.19 eV 7Si2H↔Si2H61NH 25.79 eV 23.6 eV Unlikely sincenSi2H!

6 12.2 eV Si2N12N2H↔NH1Si2H 7.06 eV 5.14 eV Unlikely sinceDE.0

7 23.87 eV Si2N15N2H↔2NH21Si2H 19.11 eV 4.76 eV Unlikely sinceDE.0

8 23.87 eV 5N2H1Si2N↔Si2H1N2H4 21.01 eV 2.86 eV Unlikely sinceDE.0

9 11.67 eV Si2N2H12N2H↔2Si2N1NH3 12.10 eV 20.43 eV Likely as long as enough
N–H bonds are present
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groups, as well as silane (SiH4) and disilane (Si2H6), were
taken into consideration. Some of these processes are
trated in Table II.

In order to find all possible reactions, one has to emplo
systematic strategy based on finding all solutions of a sys
of linear equations that takes the isometric conditions of
respective reactions into account.7 The solutions of this sys
tematic search were subjected to an enthalpie calcula
based on data by Sanderson.10 Most of the reactions turned
out to be endothermal and only a few reactions yielding v
simple molecules were exothermal. Some of these reacti
however, require many SiH bonds as reactants and are, th
fore, also unlikely since the deposited films have only ve
low SiH densities.

From the different dissociation reactions the loss dyna
of the respective reactant was then obtained with a sim
chemistry textbook model.11 The reaction dynamics of a
chemical reaction

X1E11X2E21¯1XnEn↔Y1P11Y2P21¯1YmPm ,
~1!

whereEi andPi denote the reactants and products, whileXi

and Yi their isometric factors, is described in terms of t
loss of its reactant concentrationnEi

which is the difference
between the forward reaction rate coefficientkf times the
reactant concentrations and the reverse reaction rate co
cient kr times the product concentrations. This simple r
model yields a system

2
dnEj

dt
5kf)

i 50

n

nEi

Xi2kr)
i 50

m

nPi

Xi , ~2!

of ordinary differential equations.
This model was then combined with the properties of

given system under the assumptions that:

• All reverse reaction velocities are assumed to be ze
Since the product diffusivity leads to the loss of a disso
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ated molecule immediately after its appearance, the c
centration can never reach levels where the reverse r
tions become important.

• The reaction of NH and SiH, as well as their deutera
counterparts, are possible only down to a certain conc
tration limit nstat. Below this value the locally fixed H
bonds are to far apart from each other for undergo
chemical reactions. Therefore, in a solid, the initial dens
ni of a substance can be split into its static not chang
part and its dynamic part:

ni5ni
dyn1ni

stat, ~3!

• Reactions 2, 4, and 5 in Table II are not expected to pla
role since Si–H bonds in silicon nitride with high
ammonia-to-silane ratios have a very low density.

• Reactions 1, 6, 7, and 8 in Table II are not expected to p
a role since they are endothermal.

• Reaction 3 in Table II is expected to occur since it
strongly exothermal. It consumes as many SiH bonds
NH bonds (nSiH

dyn5nNH
dyn). Consequently, the dynamics o

this reaction can be described with

2
dnNH

dyn

dt
5k3nNH

dynnSiH
dyn5k3~nNH

dyn!2. ~4!

The solution of this quadratic ordinary differential equ
tions is

nNH
dyn~ t !5

1

k3t1b
, ~5!

whereb is a constant determined by the initial condition
• Reaction 9 in Table II~Fig. 8! is exothermal as well and its

velocity is proportional to the third power ofnNH
dyn, yielding

a cubic ordinary differential equation:

2
dnNH

dyn

dt
5k4~nNH

dyn!3, ~6!

with the solution
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nNH
dyn~ t !5

1

A2k4t1b
. ~7!

VI. DATA FIT

The resulting equations provide a link between the dis
ciation model and the bond density measurements made
FTIR. By comparison of the FITR results of the dissociati
experiment with the predicted time evolution of the mod
the dominant chemical dissociation mechanism can be id
tified, and moreover, by fit of the model functions, a relati
quantification of the reaction rates at different temperatu
is possible.

Based on the model functions given above, fits were c
ried out for each density versus time curve whose results
shown in Figs. 2, 3, and 4. The software used for the
procedures wasSIGMA PLOT 5.0. While the fit results for the
given bond density data with the solution of the quadra
differential equation@Eq. ~5!# hardly obtained correlation
factors above 0.4, the solution of the cubic differential eq
tion @Eq. ~7!# was in most cases above 0.9 and in all ca
above 0.8 except for 500 °C. For this temperature the s
tion of Eq. ~4! obtained its highest value of 0.45. The fi
displayed in the graphs are based on the ammonia diss
tion function

y~x!5y01
1

A2ax1b
, ~8!

wherey represents the fitted data, which is the normaliz
area density of the silicon-nitride films,x the time variable,
andy0 , a, andb are the fit variables that were used. All th
displayed functions seem to represent the right model
temperatures above 500 °C.

VII. INTERPRETATION

The high-correlation factors of the cubic differential equ
tion solution@Eq. ~5!# at temperatures above 500 °C indica
that the dissociation of NH bonds directly into ammon
~Table II, reaction 4! seems to be the most likely process.
500 °C a different mechanism appears to be taking place
shown in Table I, the SiH and SiD bonds that are initia
present in the film system do not or only gradually vanish
this temperature. At higher temperatures silicon hydrog
bonds seem to disappear much faster than the anneal
resolution of 20 s can display. This initial SiH reduction c
only be due to a rapid SiH consuming mechanism, wh
means an exothermal process with high enthalpy. Reacti
in Table II consumes as many ND or NH bonds as SiD
SiH bonds and is the reaction with the highest-energy rele
found. It seems to be dominant at 500 °C, whereas reacti
does not play a role because of its much lower reaction
thalpy. At higher temperatures, reaction 3 becomes so
that all the silicon bonds are consumed at the time of the
measurement after 20 s, which stops reaction 3, and rea
9 can prevail. This explanation is also in agreement w
J. Vac. Sci. Technol. A, Vol. 19, No. 5, Sep ÕOct 2001
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previous studies on the anneal of ammonia-rich depos
silicon nitride by Zuet al.,12 were reaction 3 in Table II was
observed with spectroscopic methods.

Above 500 °C the fit with Eq.~8! works extraordinary
well and reveals the data fory0 , a, andb. Fit parametery0

represents the static offset of the NH or ND density part t
does not dissociate at the given temperature. As one can
in Eq. ~8!, the parameterb is the square of inverse initia
dynamic NH or ND density and, therefore, related toy0

through Eq.~3!. It turns out that most of the fits result i
y01 1/Ab '1. Figure 6 displays the results for parametera,
which is proportional to the reaction rates because of Eq.~7!.
Figure 7 displays the results for 1/Ab.

The interpretation of the reaction rate curves is diffic
because of the few available data points. The general be
ior of the temperature dependence is recognizable neve
less. The reaction rate data reproduced for the sample de
ited with different hydrogen isotopes but not for differe
deposition flow ratios. Unlike the reaction rates of species
gaseous environments, the reaction rate is not proportion
the Arrhenius law which predicts a strong increase w
higher temperature. In fact, all six samples show an alm
exponential decay of the reaction rate with increasing te
perature between 600 and 900 °C, which is the range wh
the reaction 9 fit function@Eq. ~8!# achieved the highest cor
relation factors. The reason for this behavior could be rela

FIG. 6. Fit results of the reaction rate factors of all samples vs the inve
temperature. Unlike gaseous substances, the reaction rates decrease
1000 °C.
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to the higher amount of bonds that dissociate at higher t
peratures forcing the bonds to react at much lower dens
which reduces the probability of the bonds coming clo
enough for a chemical reaction.

Another feature of fit parametera is the deviation from
this rate reduction at 1000 °C. The reaction rate of all
samples increases between 900 and 1000 °C, turning the
cay into an increase. It appears that a thermal activation
rier is overcome at this temperature range which enhan
the reaction.

The graphs of the inverse square root of fit parameteb
~Fig. 7! exhibit strong proportionality to the Boltzmann fa
tor. In all cases, the dynamic ND or NH density increa
strongly with increasing temperature. The graphs displa
were fitted with an exponential decay with offset. The offs
which causes a curvature at some of the logarithmic gra
is introduced in order to take an initial fast SiH1NH reaction
into account. The fit showed a strong agreement forR54
over the entire temperature range, while forR510 andR
520 between 600 and 900 °C. This indicates also differ
dominating chemical processes at the edges of the meas
range. The results of this fit are shown in Table III. Th
show an agreement within their error ranges between fi
with equal deposition flow ratios and different hydrogen is
topes. Differences occur between the different deposi

FIG. 7. Fit results of the static bond concentration vs inverse tempera
Below 1000 °C an Arrhenius fit was possible. The fit variablej represents
the fraction of the activation energy over the Boltzmann factor.
JVST A - Vacuum, Surfaces, and Films
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flow ratios. WhileR54 samples have activation energies
about 800 meV,R510 andR520 films are at about 450
meV, which is in agreement with the fits that were alrea
made for the diffusion experiments of 20 s annea
samples1,9 and also with previous results by Zuet al.12

VIII. SUMMARY AND CONCLUSIONS

Annealing of RPECVD silicon nitride, deposited wit
high-ammonia-to-silane flow ratios, leads at low tempe
tures ('500 °C) to a rapid H loss due to the reaction of N
and SiH bonds into H2 and Si–N bonds. This process
limited by the amount of SiH bonds in the system. At high
temperatures this process takes place even faster a
slower dissociation reaction prevails after the exhaustion
the SiH bonds. This second reaction~Fig. 8! produces am-
monia out of the three NH bonds and is able to push
overall H loss of the system further since it is not limited
the low Si–H-bond content. Unlike chemical reactions
gaseous substances, this process has a decreasing re
rate between'600 and'900 °C since the increasing H los
leads to lower densities, resulting in lower interaction pro
abilities of the NH-bond systems in the film. At'1000 °C a
third dissociation process is activated, pushing the H l
even further and increasing the reaction rates.

The understanding of these dissociation mechanisms
be applied to the improvement of postdeposition ann
treatments of solar cell antireflection coatings. Annealing
SixNyHz-AR coatings has been shown to be a passivat
process for the underlying crystalline bulk silicon.13,14A pos-
sible H diffusion from the coating into the bulk can only tak
place if the hydrogen content at the nitride–silicon interfa
can be kept at a sufficient time at a sufficient level. Suc
high H content could probably be achieved either by a v
long time furnace anneal at a temperature low enough
prevent ammonia dissociation (600 °C and below! or by
RTA in an environment with high ammonia partial pressu

e.

FIG. 8. Exothermal ammonia development out of three NH bonds~See
Table II, reaction 9!.

TABLE III. Activation energies of static bond density reduction.

Sample Decay factor~K! DE ~meV!

R4D 11150 6 1637 9616141
R4H 8237 6 2920 7106252
R10D 5270 6 2560 4546220
R10H 4414 6 1315 3806113
R20D 4685 6 4232 4046365
R20H 5895 6 3572 5086308
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