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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 ratiammonia rich. The heat treatment was performed

with rapid thermal annealing at various annealing temperatures and times as well as samples
containing different stoichiometries and isotofibgdrogenated and deuterated@he experiments
showed that hydrogen loss during annealing is mostly due to molecular hydrogemne{éase as

long as SiH bonds are contained in the film. After their exhaustion, an ammonig) (étucing
reaction prevails at temperatures between 600 and 900 °C20@&L American Vacuum Society.
[DOI: 10.1116/1.1398538

[. INTRODUCTION this experiment contained, therefore, three deposition flow

The concentration of bonded hydrogen in amorphous!@lios (R=4, R=10, andR=20) times two isotope¢H and
silicon nitride films is reduced significantly during postdepo-P) times six anneal time&0, 45, 70, 200, 400 and 800 s
sition anneal at temperatures above the deposition temperiMmes six anneal temperaturés00, 600, 700, 800, 900, and

ture. It has been shown that the dominating mechanism fof 000 °O. At each sample the area bond densities of SiD,
the reduction of ammonia-rich remote plasma-enhance@H: ND, and NH were measured with FTIR spectroscopy.

chemical-vapor-deposited (RPECVD  silicon nitride
(SikNyH,) is a “fast” (low-activation-energy, high- Ill. DEPOSITION AND ANNEAL
diffusivity) diffusion of small molecules that have dissoci-
ated out of the silicon-nitride network, while other mecha-

nisms like a.t°”.“° diffusion do.no.t play an import-ant rola. reactor configuraticit at a temperature of 200°C. Before
better qualitative and quantitative understanding of thesﬁeposition of the silicon nitride layea 4 A oxide layer was

chgmmal r.ea.ct|ons,' especially |n'regard to different S'.I'Con;produced with plasma oxidation in order to improve the
nitride stoichiometries, can contribute to the explanation o

L c- Si/nitride interface quality. All three ammonia-to-silane ra-
bulk and surface passivation processes through pOStdepO%'c')s were high in order to produce silicon nitride with low
tion anneal of solar cell antireflectiqAR) coatings.

dielectric functions, a desirable property of good AR coat-

ings. After the deposition, the rapid thermal ann@ilA) in

Il EXPERIMENTS an Ar environment was carried out at the times and tempera-
The experiments were based on rapid thermal annealinures mentioned above. For this process a Heatpulsee810

of stack systems with a Cz-—Si substrate underneath situ instrument was used.

RPECVD silicon-nitride film deposited at high-ammonia-to-

silane ratios. T_he first measu_remen_t series was _carried out_q(}. ETIR AND SIMS MEASUREMENTS

the samples with an ammonia-to-silane deposition flow ratio

of R=20. In order to ensure comparability with previous A Nicolet Magna IR 750 FTIR spectrometer was used to

diffusion experiments,400-A-thick silicon nitride was used. determine the postanneal hydrogen- and deuterium-bond

However, for reduction of the large signal-to-noise ratio ofcontent of the 216 samples. The quantification was carried

the Fourier transform infraredFTIR) measurements, a Out by integration of the stretching mode absorbance peaks

higher thickness of 800 A was then used for samples witff SID bonds 1573cm?), SiH bonds 2182cm?),

deposition flow ratios oR=4 andR=10. The quantitative ND bonds 2479cm™), and NH bonds £3336cm ). *

dynamics of the process was observed by measuring the hg}'he area densities were then obtained by use of IR-scattering

drogen bond area densities after the anneal at different afoss sections according to Lanférand Kim® Because of
neal times. In order to get information about SiH- and NH-the ammonia-rich deposition of the samples, the SiH and SiD

bond interactions and for reproducibility tests, all densities were below the detection limits in most of the
experiments were carried out twice—with films depositedsamples. Only a few samples at low anneal temperatures and
with deuterated ammonia (Njpas well as films deposited Short anneal times had recognizable SiH or SiD peaks.

with regular hydrogenated ammonia (j)H The matrix of ~ These, however, could not reveal much quantitative informa-
tion because of the high-signal-to-noise ratio. Table | shows

Ypresent address: Hahn-Meitner-Institut  Berlin, Kéktimsse 5, (he anneal times after which no SiH and SiD could be de-
D-12489 Berlin, Germany; electronic mail: boehme@hmi.de tected.

The sample stacks were deposited by remote plasma-
enhanced chemical-vapor deposition in a flowing afterglow

2622 J. Vac. Sci. Technol. A 19 (5), Sep/Oct 2001  0734-2101/2001/19(5)/2622/7/$18.00 = ©2001 American Vacuum Society 2622



2623 C. Boehme and G. Lucovsky: Dissociation reactions of hydrogen 2623

TaBLE |. Anneal times after which SiH- or SiD-bond densities reduced below the detection limit.

T(°C) R=4,D R=4,H R=10,D R=10,H R=20,D R=20,H
500 800 s 800 s 70 s 200 s 70 s Os
600 400 s 45s O0s Os 20 s Os
700 20 s Os Os Os Os Os
800 20s Os Os Os Os Os
900 Os Os Os Os Os Os
1000 Os Os Os Os Os Os

The quantitative analysis was, therefore, carried out omesolution of the spectrometer. The latter value was only
the NH- and ND-bond densities. The plots in Fig. 1 show thegiven as an upper limit, which means that the margins of the
time developments of the ND and NH peaks at differenterror bars represent only an upper limit of anas well. The
anneal temperatures for the example of a deuterated silicomelative errors of the samples with flow ratio 20 are signifi-
nitride film with an ammonia-to-silane deposition ratio of cantly higher in comparison to the samples for flow ratios 10
R=10. One can clearly recognize the increasing bond losand 4 because of the worse signal-to-noise ratio that was
with increasing time and temperature. caused by the different sample thicknesses.

The FTIR-derived area densities were then calculated as The secondary ion mass spectrosc@gfyMS) measure-
described above and for comparability reasons normalizethents were carried out by Evans East, NJ. The process in-
on the initial densities of the respective samples. The resultgolved 3 keV C$ primary ions that were sputtered at a 60°
as well as the error bars for the entire measurement series asagle of incidence. The use of SIMS was carried out only
displayed in Figs. 2, 3, and 4. Since the values displayed arsupportively on a few samples in order to confirm the appli-
based on peak-integrated intensities, the error margins deability of the “fast diffusion after chemical dissociation”
pend on the noise of the FTIR spectra as well as the spectratodel for the data interpretation as discussed elsewhere.
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Fic. 2. Time evolution of the normalized NH/ND-area bond densities for Fic. 4. Time evolution of the normalized NH/ND-area bond densities for
samples deposited with hydrogenated/deuterated ammonia at an ammongamples deposited with hydrogenated/deuterated ammonia at an ammonia-
to-silane deposition flow ratio of 4 and fit results for the ammonia dissocia-to-silane deposition flow ratio of 20 and fit results for the ammonia disso-
tion mechanism. ciation mechanism.

Figure 5 shows the deuterium, hydrogen, and oxygen profileB1eV range: The assumption that small dissociation products
for a sample with an ammonia-to-silane deposition flow ratiodiffuse rapidly out of the system implies that the chemical
of 10, annealed for 800 s at 1000 °C. The postanneal densifigactions between the large covalent network and the small
of deuterium and hydrogen is constant within the 80-nm-diffusing molecules never remain in a chemical equilibrium
thick nitride film. As explained in the following section, a With constant reaction rates in both directions unless the
depth inhomogeneity would have had to develop, if chemicatrivial state is reached where these rates and the concentra-
dissociation of hydrogen or deuterium had not been domition of the molecules are zero. As long as small molecules

nant during annealing. are in the network, there is an escape rate out of the system
and an equilibrium cannot be reached. For the qualitative
V. DISSOCIATION MODEL IN SILICON NITRIDE interpretation of the data, various chemical reactions of hy-

drogen in a silicon-nitride network were considered. Since

Atomic diffusion processes of hydrogen have activationthe diffusion processes of the molecular species are very

energies at about 3 e¥As shown elsewherk? such mecha-  high, any concentration gradient is equalized immediately,

nisms lead to strong hydrogen density gradients within ayhich means faster than the time resolution of the measure-

silicon-nitride layer at anneal temperatures, anneal times, anglents. The dissociation of small molecules was anticipated,
for Sample geometries as given in the eXperimentS deSCfibQﬂerefore’ processes inv0|ving molecular hydroge@)(ﬁm_

above. If a postanneal hydrogen profile is homogeneous, @onia (NH,;), hydracine (NH,), single NH and NH
transport mechanism of hydrogen must be present that equal-

izes the density gradients very fagbw activation energy
and leaves, nevertheless, large quantities of hydrogen unaf- log(p) [cm-3]
fected. This observation can be explained by rapid diffusion 22 ‘
of dissociation products whose activation energies are in the
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Fic. 3. Time evolution of the normalized NH/ND-area bond densities for Fic. 5. SIMS profiles of the sample with an ammonia-to-silane deposition

samples deposited with hydrogenated/deuterated ammonia at an ammonfiw ratio of 4 after an 800 s anneal at 1000 °C. The H and D densities in

to-silane deposition flow ratio of 10 and fit results for the ammonia disso-the nitride region are mostly constant, which confirms the assumed depth
ciation mechanism. independence of the deuterium- and hydrogen-dissociation reactions.

J. Vac. Sci. Technol. A, Vol. 19, No. 5, Sep /Oct 2001



2625 C. Boehme and G. Lucovsky: Dissociation reactions of hydrogen 2625

TasLE Il. Chemical reactions of hydrogenated silicon nitride into molecular hydrogen, ammonia, silane, disi-
lane, and hydracine.

Eeduc Reaction Eprod, AE
1 7.78 eV 2N-H<H,+N—N 6.23 eV 1.55eV Unlikely for lowTl
sinceAE>0

2 6.34 eV 2St+H<—H,+Si—Si 6.83 eV —0.49 eV  Unlikely sinceng;_ny<<

3 7.06 eV S+H+N—-H~H,+Si—N 8.92 eV —1.86eV Likely as long as enough
Si—H bonds are present

4 12.68 eV 4StH«—SiH, 13.20 eV —0.52eV  Unlikely sinceng;_y<<

5 22.19eV 7S+H«<Si,Hg+NH 25.79eV ~ —3.6 eV Unlikely sinceng_y<<

6 12.2 eV S+N+2N—H«—NH+Si—H 7.06 eV 5.14eV  Unlikely sincAE>0

7 23.87eV  SHN+5N—H<—2NH,+Si—H 19.11 eV 4.76 eV Unlikely sincAE>0

8 23.87eV  5N-H+Si—N<Si—H+NyH, 21.01 eV 2.86 eV  Unlikely sincAE>0

9 11.67 eV SIN—H+2N—H<2Si—N+NH;3 12.10eV  —0.43eV Likely as long as enough
N—H bonds are present

groups, as well as silane (SjHand disilane (SHg), were ated molecule immediately after its appearance, the con-
taken into consideration. Some of these processes are illus-centration can never reach levels where the reverse reac-
trated in Table II. tions become important.

In order to find all possible reactions, one has to employ a The reaction of NH and SiH, as well as their deuterated
systematic strategy based on finding all solutions of a system counterparts, are possible only down to a certain concen-
of linear equations that takes the isometric conditions of the tration limit n*®. Below this value the locally fixed H
respective reactions into accodrthe solutions of this sys-  bonds are to far apart from each other for undergoing
tematic search were subjected to an enthalpie calculation chemical reactions. Therefore, in a solid, the initial density
based on data by Sanders8rviost of the reactions turned N of a substance can be split into its static not changing
out to be endothermal and only a few reactions yielding very part and its dynamic part:
simple molecules were exothermal. Some of these reactions, n=n®"+n, 3
however, require many SiH bonds as reactants and are, there- ) )
fore, also unlikely since the deposited films have only very" R€actions 2, 4, and 5 in Table Il are not expected to play a
low SiH densities. role since Si—H bonds in silicon nitride with high-

From the different dissociation reactions the loss dynamic @mMmonia-to-silane ratios have a very low density.
of the respective reactant was then obtained with a simplé Reactions 1, 6,7, and 8 in Table Il are not expected to play
chemistry textbook modék The reaction dynamics of a & role since they are endothermal.

chemical reaction * Reaction 3 in Table Il is expected to occur_since it is
strongly exothermal. It consumes as many SiH bonds as
X1Eg+XoEp+ -+ XoEneo Y1P1+YoPo+ o+ Y Py, NH bonds 62/}=n®". Consequently, the dynamics of
this reaction can be described with
whereE; andP; denote the reactants and products, wiile drﬂ,{?
. Lo . . . . _ =k ndynndynzk (ndy 2_ (4)
andY; their isometric factors, is described in terms of the gt KeMNHNSHT K3l Ny

loss of its reactant concentraticmgi which is the difference

. o i The solution of this quadratic ordinary differential equa-
between the forward reaction rate coefficidqttimes the

reactant concentrations and the reverse reaction rate coeffi-tlons 'S 1
cient k, times the product concentrations. This simple rate n%n(t)z — (5)
model yields a system kst+b
d | " whereb is a constant determined by the initial conditions.
_ E —k H Xi i H X; 5 » Reaction 9 in Table I{Fig. 8) is exothermal as well and its
dt — fiuh nEi "o e @) velocity is proportional to the third power ofy}, yielding

, . ) ) a cubic ordinary differential equation:

of ordinary differential equations.
This model was then combined with the properties of the dnng“ dvn 3
given system under the assumptions that: T =ka(n)°>, (6)

¢ All reverse reaction velocities are assumed to be zero.
Since the product diffusivity leads to the loss of a dissoci-with the solution

JVST A - Vacuum, Surfaces, and Films
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1 100 [s‘_1] l
dyn = H
r'|NH(t) \/m (7) o l LD i
VI. DATA FIT ] % ! R4
The resulting equations provide a link between the disso- f e
ciation model and the bond density measurements made with 0.1 : : K7l
FTIR. By comparison of the FITR results of the dissociation 0.0008 0.0010 0.0012
experiment with the predicted time evolution of the model, 100+
the dominant chemical dissociation mechanism can be iden- ™ R=10
tified, and moreover, by fit of the model functions, a relative
g . . . 10 4 DL
guantification of the reaction rates at different temperatures ¥
is possible. % H
Based on the model functions given above, fits were car- 144 2
ried out for each density versus time curve whose results are s ¢ 1 e
shown in Figs. 2, 3, and 4. The software used for the fit 01 Lt KA
procedures wasIiGMA PLOT 5.0 While the fit results for the 0.0008 0.0010 0.0012
given bond density data with the solution of the quadratic
. X : . . 100 +—
differential equation[Eq. (5)] hardly obtained correlation 5™ R=20
factors above 0.4, the solution of the cubic differential equa-
tion [Eq. (7)] was in most cases above 0.9 and in all cases 104 i lfz 3
above 0.8 except for 500 °C. For this temperature the solu- %
tion of Eq. (4) obtained its highest value of 0.45. The fits 15 % 3
displayed in the graphs are based on the ammonia dissocia- 3 i 1 K
tion function 0.1 —* :
L 0.0008 0.0010 0.0012
X)=Yot+ ——, 8 Fic. 6. Fit results of the reaction rate factors of all samples vs the inverse
Y Yo V2ax+b ® temperature. Unlike gaseous substances, the reaction rr)ates decrease below

wherey represents the fitted data, which is the normalized1000 c

area density of the silicon-nitride filmg, the time variable,

andy,, a, andb are the fit variables that were used. All the

displayed functions seem to represent the right model foprevious studies on the anneal of ammonia-rich deposited
temperatures above 500 °C. silicon nitride by Zuet al.'? were reaction 3 in Table Il was
observed with spectroscopic methods.

Above 500°C the fit with Eq(8) works extraordinary
well and reveals the data fgg, a, andb. Fit parametey,
represents the static offset of the NH or ND density part that

The high-correlation factors of the cubic differential equa-does not dissociate at the given temperature. As one can see
tion solution[Eq. (5)] at temperatures above 500 °C indicatein Eq. (8), the parameteb is the square of inverse initial
that the dissociation of NH bonds directly into ammoniadynamic NH or ND density and, therefore, related ytg
(Table II, reaction #seems to be the most likely process. At through Eq.(3). It turns out that most of the fits result in
500 °C a different mechanism appears to be taking place. Agy+ 1/\Jb ~1. Figure 6 displays the results for parameter
shown in Table I, the SiH and SiD bonds that are initially which is proportional to the reaction rates because of(Eq.
present in the film system do not or only gradually vanish afigure 7 displays the results for 4.
this temperature. At higher temperatures silicon hydrogen The interpretation of the reaction rate curves is difficult
bonds seem to disappear much faster than the anneal tinbecause of the few available data points. The general behav-
resolution of 20 s can display. This initial SiH reduction canior of the temperature dependence is recognizable neverthe-
only be due to a rapid SiH consuming mechanism, whicHess. The reaction rate data reproduced for the sample depos-
means an exothermal process with high enthalpy. Reactioni8d with different hydrogen isotopes but not for different
in Table Il consumes as many ND or NH bonds as SiD ordeposition flow ratios. Unlike the reaction rates of species in
SiH bonds and is the reaction with the highest-energy releasgaseous environments, the reaction rate is not proportional to
found. It seems to be dominant at 500 °C, whereas reactionthe Arrhenius law which predicts a strong increase with
does not play a role because of its much lower reaction erhigher temperature. In fact, all six samples show an almost
thalpy. At higher temperatures, reaction 3 becomes so fagtxponential decay of the reaction rate with increasing tem-
that all the silicon bonds are consumed at the time of the firsperature between 600 and 900 °C, which is the range where
measurement after 20 s, which stops reaction 3, and reactidhe reaction 9 fit functiofiEq. (8)] achieved the highest cor-

9 can prevail. This explanation is also in agreement withrelation factors. The reason for this behavior could be related

VII. INTERPRETATION
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squ(1/b) [1 . TasLE lll. Activation energies of static bond density reduction.
81% ] -&RH_:4(823712920)K - é.g Sample Decay factoK) AE (meV)
oL °&p= (11150£1637)K | 07 R4D 11150 = 1637 961141
05 05 R4H 8237 + 2920 716252
04 04 R10D 5270 = 2560 4548220
03 % 03 R10H 4414 + 1315 380:113
1 k1] R20D 4685 + 4232 404 365
02 L— : 0.2 R20H 5895+ 3572 508-308
0.0008 0.0010 0.0012
sqri(1/b) []
eI Flg flow ratios. WhileR=4 samples have activation energies at
88 0% about 800 meVR=10 andR=20 films are at about 450
o os meV, which is in agreement with the fits that were already
04 | R=10 04 made for the diffusion experiments of 20 s annealed
03 |»Ey= (5270£2560)K 03 samples® and also with previous results by Zi al'?
- o&’_“= (4414i1315)IK T-1 K1 o2
0.0008 0.0010 0.0012 VIIl. SUMMARY AND CONCLUSIONS
sart(t/e) [1 Annealing of RPECVD silicon nitride, deposited with
od 1 @ o high-ammonia-to-silane flow ratios, leads at low tempera-
P 58 tures (=500 °C) to a rapid H loss due to the reaction of NH
gg gg and SiH bonds into Hland Si—N bonds. This process is
04 | R=20 04 limited by the amount of SiH bonds in the system. At higher
03 |« &y= (4685£4232)K 03 temperatures this process takes place even faster and a
°&,= (6895£3672K 11 [k-1) slowe.r dISSOCIatIOH. reaction preva!ls .after the exhaustion of
0.2 = ' 0.2 the SiH bonds. This second reacti@fig. 8 produces am-
0.0008 0.0010 0.0012

monia out of the three NH bonds and is able to push the
Fic. 7. Fit results of the static bond concentration vs inverse temperatureOverall H loss of the system further since it is not limited by
Below 1000 °C an Arrhenius fit was possible. The fit variaplepresents  the low Si—H-bond content. Unlike chemical reactions of

the fraction of the activation energy over the Boltzmann factor. gaseous substances. this process has a decreasing reaction
rate between=600 and~900 °C since the increasing H loss

. . : : leads to lower densities, resulting in lower interaction prob-
to the higher amount of bonds that dissociate at higher temébilities of the NH-bond systems in the film. At1000°C a

peratures forcing the bonds to react at much lower densitie ird dissociation process is activated, pushing the H loss

which reduces the probability of the bonds coming close . : .
. . even further and increasing the reaction rates.
enough for a chemical reaction.

Another feature of fit parameter is the deviation from The understanding of these dissociation mechanisms can

this rate reduction at 1000 °C. The reaction rate of all Six?rga?rﬁglr:f: oﬁ‘os;?aer ég?g)r:/tﬁgleengﬂg; gg;;iezoizzgaﬁzneﬁ
samples increases between 900 and 1000 °C, turning the dgs- gs- 9

: . oo ikNyH,-AR coatings has been shown to be a passivation
cay into an increase. It appears that a thermal activation bar- . . . 4
e ; : rocess for the underlying crystalline bulk silicbit*A pos-
rier is overcome at this temperature range which enhances e o
the reaction Sible H diffusion from the coating into the bulk can only take

The graphs of the inverse square root of fit parambter place if the hydrogen content at the nitride—silicon interface

. . . : can be kept at a sufficient time at a sufficient level. Such a
(Fig. 7) exhibit strong proportionality to the Boltzmann fac- hiah H content could probably be achieved either by a ver
tor. In all cases, the dynamic ND or NH density increase, 9 P y y Y

o . . 5ong time furnace anneal at a temperature low enough to
strongly with increasing temperature. The graphs displaye revent ammonia dissociation (600°C and bel b
were fitted with an exponential decay with offset. The offset,p : . s . o by
. N RTA in an environment with high ammonia partial pressure.
which causes a curvature at some of the logarithmic graphs,
is introduced in order to take an initial fast SH\H reaction

into account. The fit showed a strong agreementRer4 <

over the entire temperature range, while f+10 andR N\H N
=20 between 600 and 900 °C. This indicates also different =Si. =si” H
dominating chemical processes at the edges of the measured _\Si,N'H —_—> dgi Ns]_lH
range. The results of this fit are shown in Table Ill. They A “ N
show an agreement within their error ranges between films N 7N

with eqU3_—' deposition flow ratios and differgnt hydrogen i-S.O_FIG. 8. Exothermal ammonia development out of three NH boffise
topes. Differences occur between the different depositiorrable Il, reaction 9
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