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We report on the low-temperature reaction of ammonia with Si(100)-(2x1). The dangling
bonds in the clean Si surface promote NH; dissociation even at temperatures as low as 90 K. The N
atoms thus produced occupy subsurface sites, while the H atoms bind to surface Si atoms, tie up
the dangling bonds, and inactivate the surface. Thermal or electronic-excitation—induced hydrogen
desorption restores the dangling bonds and the reactivity of the surface. Silicon nitride film growth
is achieved at 90 K by simultaneous exposure of the Si surface to NH; and an electron beam.

PACS numbers: 82.65.Jv, 68.45.Da, 68.55.Gi, 81.15.Gh

The understanding of surface chemistry and thin-
film growth processes in technologically important
gas-surface reaction systems is a subject of significant
current interest.! One intriguing aspect revealed by
studies in this area is the requirement of unusually
high temperatures for sustained surface reactivity, in
view of the fact that dangling bonds should render
such surfaces very reactive even at low temperatures.
For example, the reactions of Si(100) with NH; or hy-
drocarbons to give silicon nitride or silicon carbide
films, respectively, require temperatures in the range
of 800-1200°C.2> The presence of surface dangling
bonds, two in the case of the unreconstructed Si(100)
surface or one in the case of the now generally accept-
ed dimer model of the (2x1) reconstruction,®’
should give to the surface radicallike reactivity charac-
terized by low activation barriers.® In principle, the
need for high temperatures may reflect any of several
reasons, such as an activated dissociated adsorption,
formation of Schottky-type barriers at small surface
coverages, higher diffusion barriers for surface — bulk
diffusion, etc. It is often undesirable (especially in ap-
plications to microelectronics) to carry out these reac-
tions at high temperatures because of the simultaneous
activation of unwanted side processes such as dopant
diffusion. Thus, nonthermal activation mechanisms
are actively being sought. However, in order to effec-
tively develop nonthermal methods of activation, it is
important to understand the mechanism of the reac-
tion and especially the nature of the rate-determining
step.

In this Letter, we present the analysis of a prototype
gas-surface reaction system, the reaction of Si(100)
with NHj to give silicon nitride, a technologically im-
portant electronic material. This analysis provides im-
portant insights into the nature of the rate-limiting
steps in surface-reaction and thin-film-growth proc-
esses. Specifically, we determine the intrinsic reactivi-
ty of the Si(100) surface towards NHj, the identity of
the reaction sites, the causes of the self-limiting
behavior of the surface reaction, and the role of the
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thermal activation. Having understood the nature of
the required activation we also have been able to ac-
tivate the film growth process via an electronic excita-
tion, and we have observed Si3N, film growth at tem-
peratures as low as 90 K.

The experiments described here were performed in
an UHV system with a base pressure of ~2x10~10
Torr, equipped with facilities to perform x-ray photo-
emission spectroscopy (XPS), Auger-electron spec-
troscopy, LEED, electron-stimulated desorption
(ESD), ion-scattering spectroscopy (ISS), and thermal
desorption spectroscopy (TDS). The sample treatment
and the crystal mounting arrangement which allows
reaction studies in the temperature range 90-1500 K,
as well as the microcapillary-array gas doser, have been
described elsewhere.’

In Fig. 1(a) we show the N(1s) XPS spectra ob-
tained when the Si(100)(2x 1) surface is exposed to
10 L [1 L (Langmuir) =10~% Torr - sec] of NH; at 90
K, and after a short annealing to 300 K. The N(1s)
signal at 90 K has two main components: a peak at a
binding energy of 399.7 eV and a second one at 2 eV
lower binding energy. The 399.7-eV peak is eliminat-
ed by heating of the sample to 300 K, but it reappears
if the sample is cooled back to 90 K and reexposed to
NH;. TDS indicated desorption of NHj in the same
temperature range [Fig. 2(a)l; this suggests that the
N(1s) peak at 399.7 eV is due to molecularly adsorbed
ammonia. The peak at 397.7 eV, on the other hand,
does not change its energy or intensity upon annealing
to temperatures as high as 1200 K. This XPS com-
ponent is attributed to nitrogen atoms which are
directly bonded to silicon. The value of the binding
energy is in good agreement with literature values for
silicon nitride.>!! The above XPS results clearly
demonstrate the high reactivity and ability of Si(100)
surface dangling bonds to dissociate NH; even at 90 K.
The reaction, however, is self-limiting to less than a
monolayer of product. Further exposure to NH; at 90
K does not lead to any further increase of the 397.7-
eV peak, i.e., no further reaction of Si with NHj.
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FIG. 1. (a) N(1s) x-ray photoemission spectrum (XPS)
of the Si(100)-(2x 1) surface after exposure to 10 L NHj at
90 K (solid line), and after annealing of the NH;-exposed
surface to 300 K (dashed line). (b) He™ ion scattering spec-
tra (ISS) of the Si(100)-(2x 1) surface after exposure to 10
L NH; at 90 K (solid line), after subsequent annealing to
200 K (dashed line), and after annealing to 1000 K (dotted
line). Inset: SiISS peak intensity decrease in the course of a
10-L NH; exposure at 90 K. (Laboratory scattering angle
90°.)

In order to obtain insight into the nature of the
rate-limiting process we have probed the state of the
Si(100) surface with He* ISS under reaction condi-
tions. ISS is particularly suited in this respect because
of its extreme surface sensitivity. In Fig. 1(b) we see
that exposure of the Si(100) at 90 K to ~3x10~8-
Torr NHj results in the rapid attenuation of the Si ISS
signal, indicating a high sticking probability (ca.
s>0.5). The ISS spectrum of the mixed ni-
tride-molecular NH; phase at 90 K shows weak Si and
N signals and a strong inelastic background at low en-
ergies. Mild annealing of this phase to 220 K and
desorption of the molecularly adsorbed NH; leads to
the increase of the Si ISS signal, which now has
recovered approximately half of its original intensity,
and the total elimination of the N ISS signal. (A small
peak at — E/Ey=0.6 is due to a small oxygen contam-
ination during the ISS experiment.) Simultaneously,
the low-energy background is greatly reduced. No fur-
ther significant change of the ISS spectrum is observed
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FIG. 2. (a) Thermal desorption spectra of NH; and H,
from a Si(100)-(2x 1) surface which has been exposed to 10
L NH; at 90 K. Heating rate ~ 5 K sec™!. (b) The intensity
of the N(1s) XPS peaks after sequential equivalent expo-
sures of 400 secx 10~2 Torr NH; at the indicated tempera-
tures.

until the temperature is raised above — 700 K. At
1000 K [Fig. 1(b)] the Si ISS signal is as strong as that
from the clean surface. The inelastic background has
now been eliminated, but no surface nitrogen is
detected by ISS. Parallel XPS measurements, on the
other hand, show no decrease in the N(1s) signal as a
result of heating to 1000 K. The above observations
indicate that the nitrogen resulting from the dissocia-
tion of NHj resides in subsurface sites and is thus
shielded from the incident He* ions. The only surface
nitrogen detected is that from condensed NH;. The
hydrogen from NHj; shadows the Si atoms and gives
rise, because of its smaller mass, to the inelastic back-
ground at small E/E,. However, the facts that after
NHj; desorption the Si ISS signal has only half of its
original intensity and that there is still significant in-
elastic background indicate the presence of surface hy-
drogen directly bonded to silicon. Since reactions
between closed-shell species have high activation ener-
gies,? this surface hydrogen, by tying up the dangling
bonds of the silicon surface, may inhibit further NH;
dissociation and, thus, lead to the observed self-
limiting behavior. Strong support for this hypothesis is
provided by the data shown in Fig. 2. Figure 2(a)
shows the TD spectrum of H, from the NH;-exposed
Si(100) surface, while Fig. 2(b) shows the N(1s) XPS
intensities observed after 12-L. NH; exposures of the
Si(100) surface at temperatures between 90 and 1075
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K. From 90 up to —650 K, i.e., at temperatures
below the threshold for H, desorption, exposure to
NH; does not lead to any further increase in the inten-
sity of the silicon nitride N(1s) 397.7-eV peak beyond
that observed at 90 K [Fig. 1(a)]l. At 725 K and higher
temperatures, however, the increase in N(1s) XPS
signal indicates a greatly enhanced reactivity towards
NH; dissociation and nitride formation. In addition, if
the hydrogen is desorbed at high temperatures and the
sample is cooled back down to 90 K, the surface exhi-
bits very similar reactivity towards NH; as the original
clean Si(100) surface. This is true even in the case
where XPS indicates the presence of more than a
monolayer of nitride.

The above experiments clearly show that hydrogen
produced by the dissociation of NHj ties up the Si
surface dangling bonds and blocks the reaction
Si(100) +NH; at low temperatures. High tempera-
tures are necessary to desorb hydrogen, produce sur-
face dangling bonds, and restore surface reactivity.
The nitrogen, on the other hand, is found to reside in
subsurface sites and does not affect significantly the
reactivity of the surface.

Having understood the reason for the surface pas-
sivation, we sought to enhance the film growth process
by nonthermal means. In the following, we present
results showing that silicon nitride film growth can be
achieved even at 90 K provided that the surface hydro-
gen is continuously removed by electron-stimulated
desorption (ESD). In our ESD studies we find that
the minimum electron-beam energy needed to desorb
H?* from the NH;3-exposed Si surface is ~21 eV. In
subsequent studies, higher (300-1200-eV) electron
energies were utilized so as to optimize the electron-
beam current and desorption yield. XPS studies clear-
ly indicate the growth of the N(1s) signal when the Si
(100) surface at 90 K is simultaneously exposed to a
flux of NH; and to the electron beam. However, to
avoid artifacts due to the mismatch of the electron-
beam and x-ray-beam sizes at the surface, we used the
same electron beam both to stimulate hydrogen
desoprtion and to monitor the nitride-layer growth by
electron-excited Auger spectroscopy. In Fig. 3(a) we
show the Si(LVV) and N(KLL) Auger spectra of a
portion of the Si surface exposed at 90 K to 10~7 Torr
of NH; for 10 min, without electron irradiation during
exposure (solid lines), and the corresponding spectra
from the region of the surface exposed, simultaneous-
ly, to NH; and a 30-uA, 1.2-keV electron beam
(dashed lines). We see that the exposure to the elec-
tron beam leads to an approximately tenfold increase
in the N(KLL) Auger signal. Similarly, the LVV sig-
nal of clean Si is eliminated by the electron-beam irra-
diation and is replaced by the Si(LVV) signal charac-
teristic of silicon in silicon nitride. Assuming a layer-
by-layer growth mechanism we estimate!? a thickness
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FIG. 3. (a) Si(LVV) and N(KLL) Auger spectra of the
Si(100) surface after exposure to 900 secx 10~7 Torr of NH;
at 90 K (solid lines), and after a simultaneous exposure to
the same NHj; dose and a 30-w A, 1200-eV electron beam at
90 K (dashed lines). Area of surface exposed to the electron
beam: —4 mm?. (b) Electron energy loss spectra of the
clean Si(100)-(2x 1) surface (solid line) and of the surface
produced by simultaneous exposure to NH; and the electron
beam as in (a) (dashed line). The spectra show the charac-
teristic surface and bulk plasmon losses of silicon and bulk
plasmon losses of silicon nitride, respectively.

of 20 +5 A for the nitride film grown at 90 K [Fig.
3(a)] with the help of electron-beam irradiation. Our
results suggest that the main role of the electron irra-
diation is to help maintain a hydrogen-free Si surface
which can then dissociate NH;3. In addition, the elec-
tron beam can probably further enhance the film
growth rate by dissociating molecularly adsorbed NHj.
In that respect, however, we find no significant growth
rate enhancement as the electron-beam energy is
scanned (at constant current) from energies below to
energies above the nitrogen K edge.

Further characterization of the nitride layer formed
at 90 K is provided by electron-energy-loss spectros-
copy (EELS) with use, again, of the same electron
beam for characterization and reaction. In Fig. 3(b)
we show the EELS spectrum of the clean Si (100) sur-
face showing peaks at — 11 and ~— 17 eV which are
due to Si surface and bulk plasmon excitations, respec-
tively. After electron irradiation, as in Fig. 3(a), the
resulting EELS spectrum shows no plasmon losses
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characteristic of clean Si but instead a new broad
plasmon loss is observed at — 21 eV. This loss is in
agreement with published values for stoichiometric
Si;N,, which are in the range of 20-22 eV,!*-!5 and
with our own observations on thermally grown ni-
trides.

In conclusion, we find that there is no significant ac-
tivation barrier for the dissociative adsorption of NH;
on Si(100). The surface dangling bonds can readily
dissociate NHj3 even at 90 K. However, while the N
atoms occupy subsurface sites, the hydrogen produced
by the dissociation of NHj ties up the Si surface dan-
gling bonds and thus passivates the Si surface. The
high temperatures found to be essential for thin-film
growth simply reflect the need to thermally desorb the
hydrogen, regenerate surface dangling bonds, and thus
allow sustained surface reaction. We have also shown
that electron-stimulated hydrogen desorption can be
used instead of thermal desorption to produce surface
dangling bonds and to allow a sustained reaction even
at 90 K. These results also demonstrate that
bulk «— surface diffusion is not the rate-limiting step in
this thin-film growth process. Our findings suggest an
appealing approach to low-temperature film growth by
the reaction of molecular hydrides with the appropriate
substrate, with the help of electron-beam irradiation.
Multivalent small atoms, such as N or C, tend to occu-
py subsurface sites, while surface H has a large
electron-stimulated—desorption cross section!® and can
be effectively removed. As a further test of these
ideas, we investigated the reaction of Si(100) with
C,H, to give SiC.17 We found a completely analogous
behavior, i.e., subsurface C, and surface H which leads
to a self-limiting reaction. Again, sustained reaction at
90 K could be achieved with the help of electron-beam
irradiation. The use of an electron beam for the ac-
tivation of the reaction should allow good spatial con-
trol of the reaction, a characteristic particularly desir-
able in applications to microelectronics.!3
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