
Mechanisms for NH3 Decomposition on Si(100) ± (2� 1) Surface:
A Quantum Chemical Cluster Model Study

Xin Xu,*[a] Song-Yun Kang,[b] and Tokio Yamabe[c]

Abstract: In this paper, we present a
detailed mechanism for the complete
decomposition of NH3 to NHx(a) (x�
0 ± 2). Our calculations show that the
initial decomposition of NH3 to NH2(a)
and H(a) is facile, with a transition-state
energy 7.4 kcalmol�1 below the vacuum
level. Further decomposition to N(a) or
recombination ± desorption to NH3(g) is
hindered by a large barrier of
�46 kcalmol�1. There are two plausi-

ble NH2 decomposition pathways:
1) NH2(a) insertion into the surface
Si�Si dimer bond, and 2) NH2(a) inser-
tion into the Si�Si backbond. We find
that pathway (1) leads to the formation

of a surface Si�N unit, similar to a
terminal Si�Nt pair in silicon nitride,
Si3N4, while pathway (2) leads to the
formation of a near-planar, subsurface
Si3N unit, in analogy to a central nitro-
gen atom (Nc) bounded to three silicon
atoms in the Si3N4 environment. Based
on these results, a plausible microscopic
mechanism for the nitridation of the
Si(100) ± (2� 1) surface by NH3 is pro-
posed.
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Introduction

The reaction of ammonia with silicon surfaces has been the
subject of intensive investigations, due to its technological
importance. The industrial production processes involve
reactions between NH3 and SiH4 with Si surfaces in the
temperature range from 700 ± 900 �C or exposing the Si
surface to NH3 at 1000 ± 1100 �C.[1] These reactions serve as
a method for growing thin films of silicon nitride on crystalline
silicon wafers, which can be used as a passivating and an
insulating barrier for a variety of devices, such as mechanical
and optical transducers,[2] and integrated solid-state sensors.[3]

Various experimental techniques have been applied to
delineate the reaction mechanisms.[4] Based on their results
from ion-scattering spectroscopy and X-ray photoelectron

spectroscopy (XPS),[4, 5] Avouris et al. reported that ammonia
undergoes a complete dissociation on the (100) surface, even
at 90 K, and that the chemisorbed H×s saturate the surface
dangling bonds while nitrogens occupy the subsurface sites.
These conclusions were confirmed by other studies from the
same group, using ultraviolet photoelectron spectroscopy
(UPS) and scanning ± tunneling microscopy (STM),[5, 6] al-
though their later XPS and UPS studies concluded that NH3

dissociates at 300 K to form the NH(a) and H(a) species on
the Si(100) ± (2� 1) surface.[7]

Contrary to these conclusions, however, more recent XPS,[8]

UPS,[9] electron energy-loss spectra (EELS),[10] high-resolu-
tion EELS (HREELS),[11, 12] electron-stimulated-desorption
ion angular distribution (ESDIAD),[13] static secondary ion
mass spectroscopy (SSIMS),[14] and scanned-energy mode
X-ray photoelectron diffraction study (XPD)[15] have pro-
posed that NH2(a) and H(a) are the only species produced
upon ammonia adsorption at room temperature. The Si�N
bond length of the SiNH2 group was found to be 1.73� 0.08 ä,
with a bond angle relative to the surface normal of 21� 4�.[15]

It was found that the NH2(a) thus produced is stable up to
more than 600 K.[8±15] Above 600 K, NH2(a) either recombines
with H(a) to produce NH3(g), or dissociates to N(a), followed
by H2(g) liberation and surface N(a) penetration into the bulk
at around 750 K.[8±15] On one hand, Chen et al., based on the
H2 desorption yield, reported that �73% of NH2(a) desorbs
as NH3(g) through surface recombination, while �27%
undergoes full dissociation on the surface.[12] On the other
hand, Dresser concluded that dissociation is the main channel,
and recombination ± desorption is a minor channel since the
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N/Si AES (Auger Electron Spectroscopy) ratio shows negli-
gible change.[13]

The TPD (temperature-programmed desorption) experi-
ment gave the activation energy of the associated desorption
of NH3 as 46 kcalmol�1.[13] By assuming the decrease of
the SiNH2

� SSIMS signal between 630 and 730 K to be
only decomposition of NH2(a), Zhou et al. obtained an
activation energy of 30� 4 kcalmol�1 for NH2(a) decompo-
sition on Si(100).[14] Kubler et al. measured the surface-
nitrogen concentration QN based on their XPS studies. An
Arrhenius plot of the nitrogen uptake QN led to an apparent
activation energy of 4.3 kcalmol�1;[8, 9] this indicated an
activation energy of 50.4 kcalmol�1 for the NH2(a) decom-
position.

The way that nitride grows on the surface during thermal
nitridation is not fully understood. The proposed mechanisms
involve layer-by-layer growth,[16] island growth,[17] and lateral
growth.[18] Despite the wealth of attention paid to this system,
an unambiguous mechanistic understanding is lacking.

Besides two early calculations,[19, 20] there have been many
new calculations at the state-of-the-art level on the NH3/
Si(100) ± (2� 1) system,[21±27] by using the CASSCF/MRSDCI
(complete active-space self-consistent field/multireference
single- and double-excitation configuration interaction) clus-
ter model,[21] gradient-corrected density functional theory
(DFT) with the Becke three-parameter exchange[28] func-
tional and the Lee ±Yang ±Parr correlation functional[29]

(B3LYP) cluster model,[24±27] and slab model calculations with
DFT of the local-density approximation (LDA)[22] or the
generalized gradient approximation (GGA).[23] Only NH3(a)
molecular adsorption and the initial decomposition to NH2(a)
and H(a) have been addressed by these calculations.[20±27]

The molecular adsorption energy was predicted to be
33 kcalmol�1[21] by MRSDCI and 27.0 kcalmol�1[27] by
B3LYP with cluster model, and 28 kcalmol�1[23] by GGA/Slab
mode. The activation energy for N�H bond cleavage of
NH3(a) to form NH2(a) and H(a) was found to be around
15,[21] 19,[27] and 16[23] kcalmol�1, respectively, by these three
methods. The whole reaction exothermicity from NH3(g) to
NH2(a) and H(a) is �75 kcalmol�1 by MRSDCI,[21]

�58 kcalmol�1 by B3LYP,[27] and �46 kcalmol�1 by
GGA.[23] All theories predicted that NH3(a)�NH2(a) �
H(a) proceeds below the vacuum level. Hence the decom-
position of NH3 on Si(100) ± (2� 1) to NH2(a) and H(a) is not
an activated process. Further decomposition of NH2(a) was
not studied by these calculations.[20±27]

In this paper, we present a detailed mechanism for the
complete decomposition of NH3 to NHx(a) (x� 0 ± 2). Three
kinds of elementary processes, namely N�H bond cleavage,
NHx insertion, and H2 liberation, are investigated. Based
on these results, a plausible microscopic mechanism for
the nitridation of the Si(100) ± (2� 1) surface by NH3 is
proposed.

Computational Methods

Our approach is based on unrestricted B3LYP.[28, 29] It consists of the Slater
local exchange, the nonlocal exchange of Becke88, the exact exchange, the

local correlation functional of Vosco ±Wilk ±Nusair, and the nonlocal
correlation functional of Lee ±Yang ±Parr. The contribution of each
energy to the B3LYP energy expression was fitted empirically on a
reference set of molecules. Such a method has been demonstrated to have
an accuracy of �3 kcalmol�1 for simple molecules.[30] In particular,
Nachtigall et al. found that the B3LYP functional gave a close agreement
with their quadratic CI calculations in the study of hydrogen desorption
from the monohydride phase of the Si(100) ± (2� 1) surface.[31] Never-
theless, a lot of bond breaking and forming is involved in the transition
states. Larger errors in predicting the reaction barriers should be
anticipated than those in calculating the thermochemistry with B3LYP.
A Si9H12-cluster model was used in the present study. It consists of two
surface-layer Si atoms (Si1) representing a surface dimer, four second-layer
Si atoms (Si2), two third-layer Si atoms (Si3), and one fourth-layer Si atom
(Si4). In spite of its simplicity, in that it neglects the nonlocal effect during
adsorption, this single-dimer model gives reasonable energetic and geo-
metric predictions.[21, 24±27] However, reaction mechanisms involving neigh-
boring dimers cannot be explored.
The complete geometry optimization (with no constrained degree of
freedom) was done by using analytical gradients. In the free Si9H12 cluster,
the dimer bond length Si1�Si1 is optimized to be 2.242 ä, which is shorter
than the Si1�Si2 (2.350 ä) bond length between the first- and second-layer
substrate atoms. These numbers compare well with the experiment data of
2.24� 0.08 ä for the dimer bond[39] and 2.352 ä for the Si�Si separation in
the bulk.[40] In fact, we find that the optimized Si3�Si4 bond length in every
cluster model studied here is within 2.36 ± 2.38 ä, which compares well with
the experimental bulk Si�Si lengths. This indicates that the nitridation
process is quite a localized surface phenomenon, and justifies our use of a
cluster model. For a detailed investigation on the cluster-size effect and the
effect of a constrained optimization versus a full optimization for the NH3/
Si(100) ± (2� 1) system, we refer to Ref. [26].
Vibrational frequencies were calculated analytically to ensure that each
minimum was a true local minimum (only real frequencies) and that each
transition state has only a single imaginary frequency (negative eigen-value
of the Hessian). The basis set used on all atoms for geometry optimizations
and vibrational-frequency calculations was the standard 6 ± 31G**.[32, 33]

Unscaled zero-point-energies (ZPE) were evaluated at the B3LYP/6 ±
31G** level. Single-point energy calculations were carried out at the 6 ±
31G** optimized geometries with the cc-pVTZ basis sets.[34±36]

All calculations were carried out with the Gaussian 98 suite of programs.[37]

Results

1. Formation of surface N(a): HSi1-N�Si1(P1): Figure 1 shows
the reaction pathway for the formation of the surface HSi1-
N�Si1 (P1). The important geometrical parameters can be
found in Table S1 of the Supporting Information. The
adsorption and reaction from R1 (the free adsorbate NH3(g)
� the bare Si9H12 cluster, denoted as NH3(g) � Si1�Si1),
through a molecularly adsorbed precursor state, LM1
(NH3 ¥ ¥ ¥ Si1�Si1: where ™ ¥ ¥ ¥ ∫ denotes a dative bond and ™:∫
denotes a lone pair of electrons), to the initial decomposition
products NH2(a) and H(a), LM2 (NH2-Si1-Si1-H), have been
well studied.[21±27] Consistent with previous studies, LM1 is
found to be bound by 21.6 kcalmol�1 with respect to the
vacuum level, R1. There is a barrier, 14.2 kcalmol�1, separat-
ing the molecular adsorption state LM1 from the dissociative
state LM2. The whole process from R1 to LM2 proceeds
below the vacuum level. Hence the initial decomposition of
NH3 on Si(100) ± (2� 1) to NH2(a) � H(a) is not activated.[21]

The whole energetics from R1 to LM2 is found to be
�53.1 kcalmol�1, which can be compared with the exper-
imental value of �46 kcalmol�1 for the activation energy of
associative desorption of NH2(a).[13] We calculated that TS1 is
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7.4 kcalmol�1 below R1. The corresponding experimental
value was estimated to be around 4 kcalmol�1.[38]

The molecular precursor LM1 (NH3 ¥ ¥ ¥ Si1�Si1:) is charac-
terized by a long Si1 ¥ ¥ ¥NH3 dative bond of 2.014 ä. The
Si1�NH2 bond in LM2 (NH2-Si1-Si1-H) is a covalent bond.
The optimized Si1�NH2 bond length in LM2 is 1.752 ä, in
good agreement with the XPD experimental value of 1.73�
0.08 ä.[15]

The process from LM2 to LM3 (:Si1 ¥ ¥ ¥NH2�Si1H) corre-
sponds to NH2 insertion into the surface Si1�Si1 dimer bond.
Similarly to the process of recombination-desorption from
LM2 to LM1/R1, the insertion process from LM2 to LM3 is
endergonic, being characterized by a large activation barrier
of about 46 kcalmol�1 and an endothermicity of
21.7 kcalmol�1. This finding agrees well with the experimental
observation that NH2(a) attaches to the surface and is stable
up to more than 600 K.[8±15]

LM3 tends to transfer one H from its amino group to
:Si1. LM4 (H-Si1-NH-Si1-H) thus formed is thermodynami-
cally more stable than LM3, as every Si is tetrahedrally
coordinated in LM4. A moderate activation energy,
32.1 kcalmol�1, is required from LM3 (:Si1 ¥ ¥ ¥NH2�Si1H) to
TS3, followed by a large exothermicity of �65.7 kcalmol�1

from TS3 to LM4.
The process from LM4 (H-Si1-NH-Si1-H) to P1 (HSi1-

N�Sil) involves the liberation of H2(g). Experimentally,
liberation of H2(g) was observed around 800 K.[8±15] Our
calculation shows a large activation barrier of 70.7 kcalmol�1

for this process. The optimized HSi1�N(a) bond length in P1
is 1.706 ä shorter than a normal Si�N single bond length
(1.75 ä). The optimized Si1�N (f) bond length in P1 is
1.610 ä; this shows clearly the character of a Si�N double
bond. The overall process from R1 to P1 has an apparent
activation energy of 5.7 kcalmol�1. At lower coverage, it is
very likely for H(a) to diffuse to a neighboring dimer so as to
facilitate the formation of P1. (See sections 3 and 4.)

Figure 2 shows two other pathways that can lead to the
formation of P1 (HSi1-N�Si1). Starting from LM3 (:Si1 ¥ ¥ ¥
NH2�Si1H), instead of transferring one H to :Si1 to make
LM4 (H-Si1-NH-Si1-H), it might be possible to liberate a H2

to make LM5 ( .Si1-NH-Si1.). Relative to LM4, LM5 is less
stable by 54.0 kcalmol�1. This can be understood by the fact
that the energy gain of making a H�H bond (Do

298(H�H)�
104.2 kcalmol�1[40]) could not compensate for the energy loss
of breaking two Si�H bonds (e.g. Do

298(H�SiH3)�
91.8 kcalmol�1[40]). LM5 is connected to P1 (HSi1-N�Si1)
via TS6, at which H moves from N to Si1. The calculated
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Figure 1. Mechanism for the formation of surface product P1 (HSi1-N�Si1). The key step is NH2 insertion into the surface Si1�Si1 dimer bond, followed by
H2 liberation from LM4 (H-Si1-NH-Si1-H).

Table 1. N�H bond-decomposition barrier [kcalmol�1].

Reactions Figure Ea

LM1�LM2 1 (NH3 ¥ ¥ ¥ Si1�Si1:)� (NH2-Si1-Si1-H) 14.2
LM11�P2 3 ((Si2)2-NH ¥ ¥ ¥ :Si1H�Si1H)� ((Si2)2-N-Si1H2-Si1H) 26.2
LM23�LM24 6 ((Si2)2-NH ¥ ¥ ¥ :Si1H�Si1 .)� ((Si2)2-N-Si1H2-Si1

.) 27.2
LM9�LM10 3 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1H)� (Si2-NH-Si1H-Si1H) 31.0
LM21�LM22 6 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1 .)� (Si2-NH-Si1H-Si1 .) 31.2
LM3�LM4 1 (:Si1 ¥ ¥ ¥NH2�Si1H)� (H-Si1-NH-Si1-H) 32.1
LM18�LM19 5 (:Si1 ¥ ¥ ¥NH2�Si1 .)� (H-Si1-NH-Si1 .) 33.4
LM17�LM25 (NH2-Si1-Si1

.)� ( .NH-Si1-Si1-H) 48.1
LM28�LM29 8 (Si2-NH-Si1-Si1H)� (Si2-N-Si1H-Si1H) 48.1
LM5�P1 2 ( .Si1-NH-Si1 .)� (H-Si1-N�Si1) 54.1
LM2�LM7 2 (NH2-Si1-Si1-H)� (H-N�Si1, H-Si1-H) 57.6
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barrier heights from LM3 to LM5 and LM5 to P1 are 60.7 and
54.1 kcalmol�1, respectively.

Another route shown in Figure 2 involves the formation of
LM7 (HN�Si1 � H�Si1-H) as an intermediate. We find a
transition state, TS7, that connects LM2 to LM7. Instead of
NH2 insertion, TS7 involves N�H bond cleavage. LM7 has a
dihydride-like structure, which has been postulated as an
intermediate involved in the H2 desorption.[41, 42] We calculate
that the activation barrier to liberating H2 from LM7 is
44.2 kcalmol�1, leading to the formation of LM5 ( .Si1-NH-
Si1.).

The pathways shown in Figure 2 have a net activation
barrier of 43.1 kcalmol�1 from R1 to P1. Thus P1 cannot be
made through these pathways.

2. Formation of subsurface N(a): (Si2)2-N-Si1H2-Si1H (P2):
Figure 3 summarizes the reaction pathway for the formation
of the subsurface N(a). Instead of attacking the surface
Si1�Si1 dimer bond, the NH2 in LM2 (NH2-Si1-Si1-H) attacks
a subsurface, Si2. The process from LM2 (Si2, NH2-Si1-Si1-H)
to LM9 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1H) is an analogy to the process
from LM2 to LM3 (:Si1 ¥ ¥ ¥NH2�Si1H) in Figure 1. Although it
is generally believed that the Si1�Si1 dimer bond is the
weakest of all the bonds, our calculations indicate that the
energy cost for the insertion of NH2 into a Si1�Si2 backbond
could be comparable to that into a Si1�Si1 dimer bond. TS9 is

5.2 kcalmol�1 below the vacuum level; this suggests that there
should be a certain probability for the formation of LM9.

The exothermicity from R1 to LM9 is calculated to be
�30.4 kcalmol�1. In LM9 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1H), NH2 is
covalently bound to the subsurface Si2 with a Si2�NH2 bond
length (f) of 1.852 ä; NH2 is datively bound to the surface Si1
with a long Si1�NH2 bond length (a) of 2.108 ä. It can be
visualized that a lone pair of electrons is located at Si1, ready
to donate electrons to the anti-bonding orbital of N�H so as to
break an N�H bond. Similarly to the process from LM3 (:Si1 ¥
¥ ¥NH2�Si1H) to LM4 (HSi1-NH�Si1H) in Figure 1, the
activation barrier for the decomposition process from LM9
(Si2-NH2 ¥ ¥ ¥ :Si1�Si1H) to LM10 (Si2-NH-Si1H-Si1H) is
found to be 31.0 kcalmol�1. This may correspond to the
experimental activation energy of 30� 4 kcalmol�1 for the
decomposition of NH2(a) based on the decreasing of the
SiNH2

� SSIMS signal.[14] The resultant LM10 has an imino
group (NH) bridging Si1 and Si2 with a Si1�NH bond length
(a) of 1.761 ä and Si2�NH bond length (f) of 1.754 ä. LM10
(Si2-NH-Si1H-Si1H) is 11.1 kcalmol�1 more stable than LM2
(NH2-Si1-Si1-H).

As long as the barriers to TS9 and TS10 could be overcome,
it might be relatively easier for the reaction to proceed up to
the complete dissociation of NH3 and the formation of
subsurface N(a) (See Figure 3). We find that the imino group
can rearrange from a state of bridging one surface Si1 and one
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Figure 2. Mechanisms for the formation of surface product P1 (HSi1-N�Si1). These pathways differ from the mechanism in Figure 1 by the formation of the
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subsurface Si2, such as in LM10, to a state of bridging two
subsurface Si2s (see LM11 in Figure 3). The activation barrier
to this rearrangement is found to be 43.1 kcalmol�1. The
structure of LM11 facilitates the final cleavage of the last
N�H bond and the formation of the Si1�H bond. In P2
((Si2)2-N-Si1H2-Si1H), N binds to two subsurface Si2s and
one surface Si1 in a nearly planar geometry with three
equivalent Si�N bonds (a, g, and f at 1.771 ä). This is in good
agreement with HREELS deductions at 900 K, in which 45
and 100 meV losses were attributed to the symmetric-breath-
ing mode and the asymmetric in-plane bond-stretching mode
of the nearly planar Si3N species.[10]

Figure 4 illustrates the possible pathways for the H2

liberation from P2. H2 desorption can occur either from
the dihydride on the same Si1 atom (TS13, TS16), or
across two different Si1 atoms (TS14). H2 desorption can be
a one-step process (TS13 or TS14) or a two-step process (TS15
and TS16). We find that the most feasible pathway is the one-
step process for H2 liberation over the same Si1 atoms
(TS13). The calculated activation barrier from P2 ((Si2)2-
N-Si1H2-Si1H) to LM13 ((Si2)2-N-Si1-Si1H) via TS13 is
53.9 kcalmol�1.

It is worth pointing out that TS15 is a transition state that
corresponds to an intradimer hydrogen diffusion. Our calcu-
lated value of 45.6 kcalmol�1 is in good agreement with the
data in literature. Nachtigall and Jordan reported a barrier of
42.9 kcalmol�1 for the intradimer hydrogen diffusion; while
Wu and Carter obtained a barrier of 45.8 kcalmol�1 for the
intrarow hydrogen diffusion.[41, 42]

3. NH2(a) insertion in the absence of neighboring H(a):
Except for an early study in which NH3 decomposition over
adjacent Si�Si dimer rows was postulated,[19] most research
seems to favor a picture that the initial NH3 decomposition
occurs within a single dimer.[20±27] LM17 (NH2-Si1-Si1

.) in
Figure 5 could be a product of NH3 decomposition over two
neighboring dimers. It could also be a resultant for H(a) in
LM2 (NH2-Si1-Si1-H) to diffuse over to another dimer.
Although this diffusion barrier is not calculated rigorously
in this work, we tentatively adopt the value of 45.6 kcalmol�1,
discussed in the previous section. Depending on the diffusion
pathway and the local environment, the real diffusion barrier
could be lower or higher.[41±48]

LM17 is unstable by 6.3 kcalmol�1 relative to LM2. This is
understandable, as an extra Si1�Si1 � bond is broken in
forming LM17. In fact, based on the kinetic data of isothermal
measurements, Hˆfer et al. deduced a value of 5.8 kcalmol�1

for the Si�Si �-bonding interaction.[43]

It would be interesting to examine the spin-density change
along the pathway shown in Figure 5. It is found that 0.80 spin
density is located on the right Si1 of LM17 (NH2-Si1-Si1

.). As
NH2(a) is inserted into Si1�Si1, we get LM18. Although we
denote LM18 as (:Si1 ¥ ¥ ¥NH2�Si1.), spin density is more or
less spread over the two surface Si1s. The right-hand Si1
possesses a spin density of 0.60, and the corresponding Si1-
NH2 bond length (f) is 1.844 ä; while the left-hand Si1
possesses a spin density of 0.20, and the corresponding Si1-
NH2 length (a) is 2.169 ä. LM19 (H-Si1-NH-Si1.) is an imino
(NH) adsorption mode whose spin density is mainly localized
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on the right-hand Si1. As opposed to the nearly planar
configuration in LM4 (H-Si1-NH-Si1-H) or LM5 ( .Si1-NH-
Si1.), it is interesting to see that theN in LM19 (H-Si1-NH-Si1.)
is in a trigonal pyramidal geometry. After H2 liberation from
LM19, the product is LM20 ( .Si1-N-Si1.). One might expect
that the Si1�Si1 dimer bond is restored and spin is localized at
N in LM20. However, we find the Si1�Si1 separation (d) is
about 3.230 ä and the spin density is quite spread. There is 0.59
spin density on the left-hand Si1, whose Si1-N bond length (a) is
1.633 ä. There is 0.36 spin density on the right Si1, whose Si1-N
bond length (f) is 1.671 ä (c.f. Figure 5 and Table S5 in the
Supporting Information). Clearly, the bonding of the Si1-N-Si1
unit in LM20 should be best viewed as a 3

3, such that every
Si�N gains certain double-bond character.

The overall process shown in Figure 5 is similar to that in
Figure 1. The barrier heights for NH2(a) insertion (LM17�
TS17) and H2 liberation (LM19�TS19) are 41.4 and
66.1 kcalmol�1, respectively, and are smaller than the corre-
sponding barrier heights (NH2 insertion LM2�TS2: 46.7 and
H2 liberation LM4�TS4: 70.7 kcalmol�1) shown in Figure 1
when the neighboring H(a) is present. However, the corre-
sponding local minima (LM17, LM18, LM19, and LM20) in
the potential-energy surface are all less stable than their
counterparts (LM2, LM3, LM4, and P1). The net activation
barrier for this route from R1 to LM20 is 11.1 kcalmol�1. We
therefore conclude that diffusion of H(a) does not help the
NH3 decomposition in a way shown in Figure 5.

It is interesting to relate LM19 to LM5 by hydrogen
diffusion. By comparing Figures 2 and 5, we note that
hydrogen diffusion greatly stabilizes the formation of LM5.

Instead of forming LM5 � H2 as in Figure 2, LM5 � H-Si1-
Si1-H are formed in Figure 5. The mechanism shown in
Figure 5 brings LM5 formation �61.4 kcalmol�1 below the
entrance level (R1), which in turn should facilitate the
formation of product P1.

Figure 6 shows that how H(a) diffusion will affect the
NH2(a) insertion into the Si1�Si2 backbond. TS21 is
10.7 kcalmol�1 below the entrance level (R1) and
5.5 kcalmol�1 lower in energy than TS9 (Figure 3). The
insertion barrier from LM17 (Si2, NH2-Si1-Si1

.) to TS21 is
significantly (11.8 kcalmol�1) lower than that from LM2 (Si2,
NH2-Si1-Si1-H) to TS9. However, the exothermicity from
TS21 to LM21 (Si2-NH2 ¥ ¥ ¥ :Si1-Si1

.) is only �13.8 kcalmol�1,
11.4 kcalmol�1 smaller than that from TS9 to LM9 (Si2-
NH2 ¥ ¥ ¥ :Si1-Si1H). This makes LM21 5.9 kcalmol�1 unstable
with respect to LM9. This may be understandable as the spin
density spreads more or less over two Si1 atoms. Although the
activation barrier for H transfer from LM21 to TS22 is the
same as that from LM9 to TS10, TS22 is 6.1 kcalmol�1 higher
in energy than its counterpart TS10 (Figure 3). Indeed, this
�6 kcalmol�1 energy difference has been carried over
through the whole decomposition process from LM21 (Si2,
Si2-NH2 ¥ ¥ ¥ :Si1�Si1.) to LM24 ((Si2)2-N-Si1H2-Si1

.), as
shown in Figure 6, making the decomposition process less
favorable than that of Figure 3. We therefore conclude that
although H(a) diffusion helps the NH2(a) insertion into the
Si1�Si2 backbond by lowering the insertion barrier, the net
decomposition process becomes less favorable as the decom-
position potential-energy surface is raised by �6 kcalmol�1

owing to the delocalization of the spin density.
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4. NH2(a) decomposition in the absence of neighboring H(a):
Besides NH2(a) insertion into the Si1�Si1 dimer bond, shown
in Figure 5, NH2(a) can undergo N�H decomposition, as
shown in Figure 7. This process, from LM17 (NH2-Si1-Si1

.) to
P1 (H-Si1-N�Si1), has one-to-one correspondence to the
process from LM1 (NH3 ¥ ¥ ¥ Si1�Si1:) to P1. LM1 (Figure 1) is a
coordination complex that is characterized by a dative bond
between NH3 and Si1. The Si1�N bond length (a) in LM1 is
2.014 ä. On the other hand, LM17 is a covalent complex with
a Si1�NH2 bond length (a) of 1.750 ä. Therefore, LM17 is
46.8� 21.6� 25.2 kcalmol�1 more stable than LM1. However,
as a result of dipole polarization, charge density is localized on
the right-hand Si1 in LM1, ready for the decomposition of the
N�H bond. This mechanism does not operate in LM17.
Therefore, the activation barrier to decomposition of an N�H
bond on going from LM17 (NH2-Si1-Si1

.) to TS25 is 48.1�
14.2� 23.9 kcalmol�1 higher than that from LM1 (NH3 ¥ ¥ ¥
Si1�Si1:) to TS1. The net result is that TS25 is 1.3 kcalmol�1

above the entrance channel (R1), whereas TS1 is
�7.4 kcalmol�1 below R1. The resultant LM25 ( .NH-Si1-
Si1-H) is �25.9�53.1� 27.2 kcalmol�1 less stable than LM2
(NH2-Si1-Si1-H), as there is no free valency in LM2. The
radical nature of LM25 makes NH insertion 8much easier
than NH2 insertion (10.9 vs. 46.7 kcalmol�1). It is anticipated
that LM26 ( .Si1-NH-Si1-H) is more stable than LM3 (:Si1 ¥ ¥ ¥
NH2�Si1H), and that the process from LM26 ( .Si1-NH-Si1-H)
to LM27 (H-Si1-N-Si1-H) is less feasible than from LM3
(:Si1 ¥ ¥ ¥NH2�Si1H) to LM4 (H-Si1-NH-Si1-H) (Figure 1). As

in Figure 4 for the process from P2 to TS15, we assign a H
diffusion barrier of 45.6 kcalmol�1 from LM27 to make
P1 (H-Si1-N�Si1). Recall that the H2 liberation barrier
from LM4 (H-Si1-NH-Si1-H) to P1 (H-Si1-N�Si1) is
70.7 kcalmol�1. Comparison of the mechanisms shown in
Figures 1 and 7 suggests that H diffusion to vacate the
neighboring Si1 site should facilitate the formation of P1 (H-
Si1-N�Si1).

Instead of NH insertion into the Si1�Si1 dimer bond, as is
shown in Figure 7 from LM25 ( .NH-Si1-Si1-H) to LM26
( .Si1-NH-Si1-H), NH insertion into the Si1�Si2 backbond is
also possible. This will lead to the formation of subsurface
N(a), going through pathways similar to those shown in
Figures 3 and 6. As is shown above, it is easier to insert NH
than to insert NH2. The barrier height for the process from
LM25 (Si2, .NH-Si1-Si1-H) to LM28 (Si2-NH-Si1-Si1H) is
only 9.2 kcalmol�1 (Figure 8), significantly smaller than those
from LM2 (Si2, NH2-Si1-Si1-H) to LM9 (Si2-NH2 ¥ ¥ ¥
:Si1�Si1H) at 47.9 kcalmol�1 (Figure 3) and from LM17
(Si2, NH2-Si1-Si1

.) to LM21 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1.) at
36.1 kcalmol�1 (Figure 6). The stability of the insertion
products follows the order that

�H298 [kcalmol�1]

LM28 (Si2-NH-Si1-Si1H) � 50.8

�LM9 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1H) � 30.4
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Thus the barrier for the subsequent H transfer from N to Si1
from LM28 (Si2-NH-Si1-Si1H) to LM29 (Si2-N-Si1H-Si1H)
via TS29 is significantly higher at 17.4 kcalmol�1 than those
from LM9 to LM10 via TS10 and from LM21 to LM22
via TS22. However, owing to the strong exothermicity of
the formation LM28 (Si2-NH-Si1-Si1H), TS29 is still
�6.4 kcalmol�1 below the vacuum level (R1), whereas TS10
and TS22 are 0.6 and 6.7 kcalmol�1, respectively, above the
vacuum level. The following N attack on the subsurface Si2
(from LM29 to LM30 in Figure 8) is much easier
(17.7 kcalmol�1) than the corresponding process of NH
attacking the subsurface Si2 from LM22 to LM23 in Figure 6
and from LM10 to LM11 in Figure 3. Hence our calculation
results show that H diffusion to vacate the neighboring Si1 site
can help the formation of subsurface Si3�N in a way shown in
Figure 8.

Discussion

Three elementary processes have been studied in the present
work, that is, N�H bond cleavage, NHx (x� 1 ± 2) insertion,
and H2 liberation. Table 1 summarizes the activation barriers
of all the possible ways of N�H decomposition studied here.
As the strength of an N�H bond follows the order that
NH2�H (108.2 kcalmol�1)�NH�H (91.9)�N-H (81.0),[40] it
would be expected that the feasibility of a reaction to break an
N�H bond follows the reverse order of the N�H bond

strength. This is not at all the case. Our calculations reveal that
the feasibility of an N�H bond-decomposition reaction is
closely related to the availability and the localization of a lone
pair of electrons on the Si, where a new Si�H bond is going to
form. We find that N�H decomposition barriers range from
14.2 to 57.6 kcalmol�1. The lowest barrier occurs at the first
NH2�H bond decomposition (LM1�LM2, see Figure 1).
The lone pair of NH3 polarizes the electron of the Si1�Si1
dimer bond. In LM1 (NH3 ¥ ¥ ¥Si1�Si1:), the dimer bond
buckles up with a pair of electrons well localized at the other
end of Si1. This kind of geometric and electronic structure
greatly facilitates the NH2�H bond decomposition.

On the other hand, we find the highest barrier occurs at
LM2�LM7 (see Figure 2). The NH�H bond is decomposed
over the other Si1, which is already tetrahedrally coordinated.
The second highest barrier occurs at LM5�P1, in which the
N�H bond is decomposed over the Si1 radical, rather than the
Si1 lone pair.

Table 2 summarizes the NHx insertion barriers. We find that:
1) Barriers for NHx insertion into the Si1�Si2 backbond are

similar to that into the Si1�Si1 dimer bond. Thus Ea for
LM2 (Si2, NH2-Si1-Si1-H)�LM9 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1H)
at 47.9 kcalmol�1 is similar to that for LM2 (NH2-Si1-Si1-
H)�LM3 (:Si1 ¥ ¥ ¥NH2�Si1H) at 46.7 kcalmol�1.

2) Dangling bonds help the NHx insertion. Thus Ea for LM17
(Si2, NH2-Si1-Si1

.)�LM21 (Si2-NH2 ¥ ¥ ¥ :Si1�Si1.) is
11.8 kcalmol�1 smaller than the analogous process
LM2�LM9 in the presence of H(a).
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3) .NH-radical insertion is much easier than NH2 insertion.
Thus Ea for LM25 (Si2, .NH-Si1-Si1-H)�LM28 (Si2-
NH-Si1-Si1H) is only 9.2 kcalmol�1, significantly
(38.7 kcalmol�1) smaller than the counterpart process
LM2�LM9.
Table 3 summarizes the hydrogen-diffusion and H2-libera-

tion barriers. P2 ((Si2)2-N-Si1H2-Si1H)�LM15 ((Si2)2-N-
Si1H, H-Si1-H) represents the process for the intradimer

hydrogen diffusion. There have been several guesses as to the
barrier to this process, ranging from 41.5[44] to
57.7 kcalmol�1.[45] It was concluded that barriers increase in
magnitude in the following fashion:[45] diffusion between
dimers in the same dimer row (46.1 kcalmol�1), diffusion
between dangling bonds on the same dimer (57.7 kcalmol�1),
and diffusion between neighboring dimers in adjacent rows
(62.3 kcalmol�1). We obtained a intradimer hydrogen-diffu-
sion barrier of 45.6 kcalmol�1. We expect that the barrier for
an intrarow hydrogen diffusion should be lower and should
also work in the nitridation process.

Depending on the local environment, we find that the H2

liberation barriers vary from 44.2 to 72.9 kcalmol�1. The
lowest barrier occurs at LM7 (H-N�Si1, H-Si1-H)�LM5
( .Si1-NH-Si1.) � H2. This corresponds to H2 liberation from
an isolated dihydride. It was claimed that this isolated-
dihydride mechanism was the only mechanism that provided a
dynamically and kinetically consistent explanation for the H2

desorption from Si(100) ± (2� 1).[45] Experimentally, the H2

liberation barriers were determined to be 45.0� 2.3 ± 66.0�
4.6 kcalmol�1.[43, 46±48] Recent work by Zimmermann,[49]

Heinz,[50] and Hˆfer[51] has shown that the lowest pathway
involves two dimers, a mechanism that cannot be addressed
in the present single-dimer model.

The mechanisms for the complete decomposition of NH3

explored here are summarized in Figure 9.
Reaction from R1 to LM2 represents the facile initial

decomposition of NH3 over the surface Si dimer to produce
NH2(a) and H(a). There exist large barriers to prevent
NH2(a) from undergoing further decomposition to N(a) or

Table 2. NHx insertion barrier [kcalmol�1].

Reactions Figure Ea

LM2�LM9 3 (Si2, NH2-Si1-Si1H)� (Si2-NH2 ¥ ¥ ¥ :Si1-Si1H) 47.9
LM2�LM3 1 (NH2-Si1-Si1-H)� (:Si1 ¥ ¥ ¥NH2�Si1H) 46.7
LM10�LM11 3 (Si2, Si2-NH-Si1H-Si1H)� ((Si2)2-NH ¥ ¥ ¥ :Si1H�Si1H) 43.1
LM22�LM23 6 (Si2, Si2-NH-Si1H-Si1 .)� ((Si2)2-NH ¥ ¥ ¥ :Si1H�Si1 .) 42.5
LM17�LM18 5 (NH2-Si1-Si1

.)� (:Si1 ¥ ¥ ¥NH2�Si1 .) 41.4
LM29�LM30 8 (Si2, Si2-N-Si1H-Si1H)� ((Si2)2-N-Si1H-Si1H) 24.8
LM17�LM21 6 (Si2, NH2-Si1-Si1

.)� (Si2-NH2 ¥ ¥ ¥ :Si1�Si1 .) 36.1
LM25�LM26 7 ( .NH-Si1-Si1-H)� ( .Si1-NH-Si1-H) 10.9
LM25�LM28 8 (Si2, .NH-Si1-Si1-H)� (Si2-NH-Si1-Si1H) 9.2

Table 3. Hydrogen diffusion and desorption barrier [kcalmol�1].

Reactions Figure Ea

LM7�LM5 2 (H-N�Si1, H-Si1-H)� ( .Si1-NH-Si1 .) � H2 44.2
P2�LM15 4 ((Si2)2-N-Si1H2-Si1H)� ((Si2)2-N-Si1H, H-Si1-H) 45.6
LM15�LM16 4 ((Si2)2-N-Si1H, H-Si1-H)� ((Si2)2-N-Si1-Si1H) � H2 45.9
P2�LM13 4 ((Si2)2-N-Si1H2-Si1H)� ((Si2)2-N-Si1-Si1H) � H2 53.9
LM3�LM5 2 (:Si1 ¥ ¥ ¥NH2�Si1H)� ( .Si1-NH-Si1 .) � H2 60.7
LM19�LM20 5 (H-Si1-NH-Si1 .)� ( .Si1-N-Si1 .) � H2 66.1
LM4�P1 1 (H-Si1-NH-Si1-H)� (HSi1-N�Si1) � H2 70.7
P2�LM14 4 ((Si2)2-N-Si1H2-Si1H)� ((Si2)2-N-Si1H�Si1) � H2 72.9
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recombination ± desorption to NH3(g). The reverse barriers
from LM2 to LM1 is calculated to be 45.7 kcalmol�1 (Fig-
ure 1), which is comparable to the barriers for NH2(a)
insertion into the Si1�Si1 dimer bond (LM2�LM3,
46.7 kcalmol�1) or NH2(a) insertion into the Si1�Si2 back-
bond (LM2�LM9, 47.9 kcalmol�1).

This clearly explains the experimental observation that
NH2(a) is stable up to more than 600 K.[8±15] The comparable
barriers for NH2(a) � H(a) recombination and the further
decomposition of NH2(a) suggest that both mechanisms are
operating. A subtle change of the experimental condition
would make one process outweigh the other. In fact, based on
the H2-desorption yield, Chen et al. concluded that recombi-
nation ± desorption to NH3(g) is the main channel and that
complete decomposition to N(a) is a minor channel.[12] We
find the surface N(a) (P1) formation (see Figure 1) has a
net barrier of 5.7 kcalmol�1, characterized by a huge
(70.7 kcalmol�1) barrier of H2 liberation if neighboring dimer
bonds have been passivated.

On the other hand, since the N/Si AES ratio showed
negligible change in the temperature range 600 ± 700 K, Dress
et al. concluded that dissociation is the main channel and
recombination ± desorption is a minor channel.[13] The subsur-
face N(a) (P2) formation (shown in Figure 3) may fit more
into this observation. The apparent activation barrier for the
formation of Si3N is calculated to be only 0.6 kcalmol�1.
Experimentally, although most NH2(a) species were found to
be stable up to 630 K and to decompose rapidly between 630
and 730 K, slow thermal decomposition of NH2(a) was
observed to start at 320 K.[14]

It is interesting to notice that the dissociation of NH3 on
Si(100) via a pathway of NH2 insertion into the Si1�Si2
backbond will preserve the (2� 1) local symmetry, in agree-
ment with the low-energy electron diffraction and STM
observations[6, 13] that the chemisorbed Hs saturate the sur-
face dangling bonds while nitrogens occupy the subsurface
sites.

We find hydrogen diffusion possesses a similar activation
barrier of 45.6 kcalmol�1 to the NH2(a) insertion or NH2(a)�
H(a) recombination. Therefore, at the same temperature at
which insertion or recombination occurs, hydrogen diffusion
should also be in effect. The mechanisms represented in
Figures 7 and 8 show that hydrogen diffusion to free the
neighboring dangling bond will facilitate the formation of P1
and P2.

It should be emphasized that P1 has a surface Si�N unit,
similar to the terminal Si�Nt pair in silicon nitride Si3N4;[52]

while P2 possesses a near-planar subsurface unit Si3N, in
analogy to a central nitrogen atom (Nc) bound to three silicon
atoms in the Si3N4 environment.[52] The Si�N pair in P1 has
two dangling bonds, similar to those on the Si(100) ± (2� 1)
surface. Thus, the reactions summarized in Figure 9 can be
repeated, leading to the growth of silicon nitride film:

NH3 � P1 (HSi1-N�Si1) ¥ ¥ ¥� (HSi1-NH-Si1-NH2)

(HSi1-NH-Si1-NH2, 2Si2) ¥ ¥ ¥� (HSi1-NH-H2Si1-N- (Si2)2)

(HSi1-NH-H2Si1-N-(Si2)2) ¥ ¥ ¥� (Si1�Nt-Si1-Nc- (Si2)2)� 2H2

High temperatures are necessary to facilitate the NH2(a)
insertion and to desorb hydrogen so as to produce surface
dangling bonds and restore surface reactivity. Experimentally,
it is found that an electron beam is so effective in removing
hydrogen from NHx(a) and from the silicon surface that the
nitridation of Si(100) ± (2� 1) by NH3 can occur at temper-
atures as low as 90 K.[7, 53]

Conclusion

Hybrid density functional theory (B3LYP) has been used to
explore the adsorption and decomposition of NH3 on the
Si(100) ± (2� 1) surface. N�H bond-cleavage, NHx insertion
into the Si�Si dimer bond or backbond, hydrogen-diffusion,
and H2-liberation processes have been investigated. The main
results are summarized as follows:
1) NH3(g) adsorbs molecularly onto Si(100) ± (2� 1) with

an adsorption energy of 21.6 kcalmol�1. NH3(a) dissociates
to NH2(a) and H(a) with an activation energy
of 14.2 kcalmol�1 and reaction exothermicity of
�45.7 kcalmol�1. Thus the dissociation of NH3 follows a
trapping-mediated mechanism. This process is below the
vacuum level, it therefore can happen at low temperature.

2) The resultant NH2(a) and H(a) are tied to the surfaces.
Either NH2(a) � H(a) recombination, NH2(a) insertion
into the Si1�Si1 dimer bond or the Si1�Si2 backbond, or
H(a) diffusion needs to overcome a large and similar
amount of activation barrier (�46 kcalmol�1). Thus, these
processes will compete with each other when the surface
temperature is increased. Different reaction conditions
would favor one process over the others.

3) The N�H decomposition barrier is found to range from
14.2 to 57.6 kcalmol�1. The feasibility of an N�H bond
cleavage does not follow the reverse order of N�H bond
strength. Instead, it is closely related to the activity of the
Si atoms. The lowest barrier occurs at the first NH2�H
bond decomposition (see Figure 1); while the highest
barrier occurs at the NH�H bond decomposition to a
tetrahedrally coordinated Si1 (see Figure 2).

4) We find that the NHx insertion barrier is within the range
of 9.2 to 47.9 kcalmol�1. The .NH-radical insertion is much
easier than the NH2 insertion. Hydrogen diffusion to
vacate the neighboring Si1 site can help to reduce the NHx-
insertion barrier. The lowest barrier is for the .NH radical
insertion into the backbond; while the NH2 insertion into
the backbond is the most difficult.

5) The H2 liberation barrier is found to range from 44.2 to
72.9 kcalmol�1. H2 liberation from an isolated dihydride is
easiest; while that across two different Si1 atoms is most
difficult.

6) We find that NH2 insertion into the surface Si1�Si1 dimer
leads to the formation of a surface Si�N unit, similar to the
terminal Si�Nt pair in Si3N4; while the NH2 insertion into
the Si1�Si2 backbond leads to the formation of a near-
planar subsurface Si3N, in analogy to a central nitrogen
atom bounded to three silicon atoms in a Si3N4 environ-
ment. Based on these results, a plausible mechanism for
the nitridation of Si(100) ± (2� 1) by NH3 is proposed.
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These results can be used as the quantum-mechanical
input for a chemical-kinetics model of chemical-vapor
deposition (CVD), and should be of significance in the
microelectronic industry.
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