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NH3 and NO interaction with Si(100)-(2 x 1) surfaces
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The adsorption of NH3 and NO on Si(100)-(2X1) surfaces at room temperature and the stepwise
nitridation have been studied by high-resolution Si 2p core-level photoemission spectroscopy. Both
molecules adsorb dissociatively, but only for NO does a reaction occur beyond the first monolayer.
For the growth of stoichiometric silicon nitride, annealing to 1200 K is necessary.

The nitridation of silicon surfaces has been studied ex-
tensively during the past decade due to the technological
importance of silicon nitride as a dielectric layer in
metal-insulator-semiconductor devices. ' The interaction
of nitrogen-containing molecules such as NH3 (Refs.
3-15) or NO (Refs. 6 and 16-19) with Si(100) and
Si(111) has been investigated under UHV conditions in
order to understand the elementary steps of the nitridation
reaction. It became clear that the dissociation of the mol-
ecules on the surface and the reactant diA'usion through
the formed nitride layer are the limiting steps for bulk
Si3N4 formation. Some controversies concerning the NH3
and NO adsorption on Si(100)-(2X 1) surface still exist,
however. Several authors ' find that NH3 and NO
dissociate to NH+2H and N+0, respectively, on
Si(100)-(2& 1) surfaces at low temperature and that the
dangling bonds play a crucial role in the dissociation pro-
cess. Nitrogen atoms are assumed to be in subsurface sites
and H or 0 atoms saturate the dangling bonds inhibiting
further adsorption. The recovery of the dangling
bonds by electron irradiation at temperatures as low as 90
K is sufticient for the nitridation to continue and for a
thick stoichiometric silicon nitride layer to grow. This
picture was questioned by several authors, ' ' ' who
showed that the dangling bonds are saturated by NH
[x =2 (Refs. 12-14)] and H dissociation products after
NH3 adsorption on Si(100) at room temperature, which
puts the N atoms above the Si top layer. Furthermore, N
bulk diffusion and stoichiometric nitride formation re-
quired annealing to high temperatures. ' ' ' The
dissociative NO adsorption on Si(100)-(2X 1) at room
temperatures was ruled out by Auger electron-spec-
troscopy ' and stimulated desorption ' studies.

It is clear that further studies concerning NH3 and NO
adsorption on Si(100)-(2X 1) surface are needed. We use
high-resolution Si 2p core-level photoemission spectrosco-
py with synchrotron radiation to study the adsorption of
NH3 and NO at room temperature and the thermal nitri-
dation after annealing the adsorbed layers to various tem-
peratures. Repeating the room-temperature adsorption
and heating procedure allowed us to study separately both
processes governing bulk nitridation of Si(100) surfaces:
dissociative adsorption on a clean or reacted surface and
Si3N4 formation after high-temperature annealing.

The experiments have been performed at the TGM-3
(toroidal grating monochromator) beamline at the Berlin
synchrotron facility at BESSY (Berliner-Elektronen-
speicherring-Gesellschaft fiir Synchrotronstrahlung).

Angle-integrated high-resolution Si 2p core-level photo-
emission spectra were taken at 130-eV photon energy with
a display-type spectrometer. The overall energy resolu-
tion of the monochromator and the spectrometer was
-0.4 eV. The sample preparations have been done in a
separate chamber described previously. ' Clean Si(100)-
(2 x 1) surfaces were obtained by repeated cycles of
argon-ion bombardment and subsequent annealing to
1100 K in a vacuum. Finally, the sample was heated to
1400 K for 1 min and cooled down slowly from 1200 K to
room temperature. This procedure provided us with C
and 0 free samples with a sharp (2X 1) low-energy
electron-diffraction pattern. The Si(100) crystals were
changed after several nitridation experiments to exclude a
possible roughening of the surface. The NH3 and NO ex-
posures were made at room temperature, the chamber be-
ing pumped by a liquid-nitrogen-cooled titanium sublima-
tion pump and a turbomolecular pump. Before NO ex-
periments the preparation chamber was passivated by a
2000-L NO exposure. '

Figure 1 shows the Si 2p core-level spectra from a com-
plete series of NH3 adsorption and heating cycles. The
main part of the figure presents only the Si 2p3/2 com-
ponents referenced to the clean surface and normalized to
the maximum height. The standard decomposition pro-
cedure is illustrated in the inset and consists of a back-
ground subtraction (dashed line) followed by a subtrac-
tion of the Si 2p~y2 component. The result of this
decomposition procedure is shown as a solid line spectrum
and is repeated at the bottom of the main figure. To the
right-hand side of the peak the contribution from the sur-
face is seen as a shoulder. This surface peak is attributed
to the emission from the outer dimer atoms of the
Si(100)-(2X1) surface and their intensity corresponds to
0.5 monolayers (ML) Si atoms. An exposure of 40 L
of NH3 was sufhcient to saturate the surface and
quenched the surface peak (bottom, dotted line). The
disappearance of the surface contribution can be under-
stood as a saturation of the free dangling bonds by the
NH3 dissociation products. The intensity to the left side
of the bulk peak has increased after NH3 adsorption due
to a shifted Si 2p component. Such shifts of the Si 2p
binding energy are due to emission from Si atoms bound
to foreign atoms. The amount of the shift depends on the
electronegativity diA'erence and the number of the foreign
atoms to which the Si atom is bound. In our case we ob-
serve only one component shifted by —0.7 eV which cor-
responds to one Si—N bond. " '' From the intensity ra-
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FIG. 1. At the bottom Si 2p3rq core-level spectra for the clean
surface (solid line), after NH3 saturation (dotted line), and
after annealing to 600 K (dashed line) are shown. In the center
the last spectrum is repeated, and the result of further annealing
to 1200 K (solid line) and subsequent NH3 adsorption (dotted
line) is presented. At the top, the spectra demonstrate the
growth of the nitride after one, two, four, and eight adsorption
and annealing cycles. The inset shows the decomposition of the
Si 2p doublet for the clean surface.

tio between the main Si 2p line and the shifted com-
ponents conclusions concerning the number of reacted Si
atoms can be drawn. ' We estimate that —0.5-ML Si
atoms participate in these bonds. The fact that each
reacted Si atom is bound to only one N atom and the
disappearance of the dangling bonds after NH3 saturation
could be interpreted in terms of NHq groups saturating
one-half of the dangling bonds, the rest being saturated by
H in agreement with previous work. ' ' However, our
results alone cannot exclude subsurface N and dangling
bonds saturation by H only.

Heating the sample to —700 K leads to complete NH„
dissociation and Hq desorption ' ' and to pronounced
changes in the Si 2p peak shape (dashed curves: bottom
and center). The dangling bonds are recovered and a tail
at higher binding energy appears which we assign to Si
atoms bound to one, two, and three N atoms. Further
heating to 900 K (not shown) had almost no effect on the
spectra, but heating to —1200 K for 1 min shifted the in-
tensity of the tail to even higher binding energy forming a
well separated peak at -3 eV higher binding energy rela-
tive to the main line (center, solid curve). According to
existing Si 2p core-level experiments' "' ' such an
energy shift corresponds to the formation of bulk Si3N4,
where every Si atom is bound to four N atoms. This an-
nealing experiment confirms that higher nitridation levels
can be reached only after the complete dissociation of
NHq groups. ' ' ' Therefore, one can assume that in
the low-temperature nitridation experiments of Bozso and
co-workers the dissociation of the NHq groups has tak-

en place simultaneously with hydrogen electron stimulat-
ed desorption. However, our data show that the existence
of atomic nitrogen on the surface is not enough to produce
stoichiometric Si3N4 in agreement with low-temperature
N adsorption experiments. The fact that stoichiometric
silicon nitride can be formed only after annealing to tem-
peratures well above 900 K proves that the growing of
stoichiometric bulk nitride is diffusion dependent.

The further NH3 adsorption on the surface annealed to
1200 K proceeds similarly to the adsorption on the clean
surface. The surface emission is quenched again and the
Si 2p shifted component corresponding to Si atoms bound
to only one N atom reappears (dotted curve, center). This
finding could be interpreted in the following two ways:
formation of silicon nitride islands surrounded by clean
Si(100) or the build up of a Si layer on top of the nitride
layer. Bischoff, Kubler, and Bolmont concluded from
their nitridation experiments that island formation takes
place in the low-exposure high-temperature regime
(600-800 C). The existence of a Si overlayer has been
suggested by ion scattering experiments. ' Our data can-
not decide between both possibilities but the estimated
amount of reacted Si (—0.5 ML) is too small to cover the
whole surface by stoichiometric nitride.

By repeating the adsorption and heating cycle we obtain
Si(100) nitridation in small steps. The top curves in Fig.
1 show the result of one, two, four, and eight cycles. For
reference, the spectrum of the clean surface is also includ-
ed. For the top curve we estimated that —1.5-ML Si
atoms are reacted and most of them are bound to three
and four N atoms.

Figure 2 shows the Si 2p3gq component as a function of
NO exposure. The same decomposition and normaliza-
tion procedure as in Fig. 1 is used. The clean Si(100)
spectrum is also shown (dashed curve). We see that NO
adsorption leads to a quenching of the surface emission
and the appearance of a Si 2p component shifted to higher
binding energy. The surface contribution disappears
above 0.4 L due to the saturation of the dangling bonds.
However, the NO reaction with the surface continues as is
obvious from the intensity increase of the shifted Si 2p
component. The binding energy shift for a Si—0 bond is—0.9 eV (Ref. 22) and for a Si—N bond is —0.7-0.8
eV." At exposures lower than 1 L, Si atoms bound to
one ligand dominate. This would be compatible with
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FIG. 2. Si 2p3r~ core-level spectra after adsorption of 0.0, 0.2,
0.4, 1.0, 3.0, 10, and 40 L of NO (from bottom to top on the
left-hand side of the main peak, respectively).
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molecular adsorption. ' ' Since we also find Si atoms
bound to more ligands, and Si atoms bound to two or
more NO molecules are unlikely, N and 0 atoms must be
on the surface. ' From our NH3 experiments and other
oxidation studies we know that these atomic species lead
to a wide distribution of shifted Si 2p components. There-
fore, most of the Si atoms bound to one ligand are bound
to N or 0 atoms and not molecules. This is supported by
our observation of features in the photoemission spectra of
the valence-band characteristic for atomic oxygen. After
the saturation of the dangling bonds, Si atoms bound to
more than one ligand start to prevail. We suggest that
two processes take place: fast adsorption on the dangling
bonds and slower diffusion of N or 0 atoms in the bulk.
This suggestion is in accord with ion scattering experi-
ments of Avouris, Bozso, and Hamers who observed sub-
surface N diffusion even at low temperatures. For the
highest exposure (40 L) we obtain a broad shifted Si 2p
component with a maximum around —2.7 eV. The major-
ity of the reacted Si atoms are bound to more than one
ligand and —3.5 ML of Si atoms are reacted with N or 0
atoms, seven times more than for the case of NH3 satura-
tion.

Heating above 1200 K removes the oxygen from the
surface. ' The corresponding Si 2p3t2 spectrum is
presented in Fig. 3 (dotted line, bottom). The spectrum
for Si(100) exposed to 40 L of NO at room temperature is
also shown for comparison (solid line, bottom). We see
that the heating has recovered the surface emission simi-
lar to the NH3 case and has reduced the intensity of the
shifted Si 2p component due to 0 removal. From the
shape and the binding-energy shift (—3 eV) of the dotted
curve it is clear that we have formed a nearly
stoichiometric nitride as in the case of NH3 nitridation,
the amount of the reacted Si, however, is three times as
large. By NO adsorption and subsequent annealing the
nitridation proceeds further. This process is illustrated in

Fig. 3 which shows the spectra for the first, third, fifth,
and seventh cycle from bottom to top. Solid curves are
taken after NO exposure (40 L) and the dotted spectra
after annealing to 1200 K for 1 min. The comparison to
the NH3 case shows that after annealing a fully reacted
nitride is formed with increasing thickness after each cy-
cle. After annealing the surface emission recovers which
means that dangling bonds exist on the reacted surface as
well. A Si overlayer on top of the nitride was proposed by
Avouris, Bozso, and Hamers and Taguchi et al. ' The
room-temperature NO adsorption on the reacted Si(100)
surface proceeds similar to the clean surface. The surface
emission disappears illustrating the saturation of the dan-
gling bonds. NO continues to adsorb dissociatively ac-
cording to the increase of the shifted peak intensity in the
region where emission from Si atoms bound to more than
one ligand is expected. The obvious shift of the reacted
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FIG. 3. Si 2py2 core-level spectra after adsorption of NO
(solid lines) and after subsequent annealing to 1200 K (dotted
curves). The results after one, three, five, and seven adsorptions
are shown from bottom to top.

peak to lower binding energy after NO exposure can be
explained by a superposition of peaks owing to Si atoms
reacted with two and three ligands.

In summary, our Si 2p core-level measurements show
conclusively that NH3 and NO adsorb dissociatively on
Si(100)-(2&&1) surfaces. The dangling bonds play an im-
portant role in this process. Their saturation inhibits fur-
ther NH3 adsorption but not NO adsorption. This is due
to the incomplete dissociation of NH3 at room tempera-
ture. However, even the complete dissociation of the N
containing molecules is not enough to produce a
stoichiometric Si3N4 layer. The diffusion of the reactants
taking place at temperatures around 1200 K is necessary
for the growth of a stoichiometric nitride. The compar-
ison between NH3 and NO nitridation after room-
temperature adsorption shows that the basic processes are
the same, but the efficiency of the NO nitridation is
higher.
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