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A B S T R A C T   

Evolution of atomic and electronic structures during high temperature Si(111) surface nitridation under 
ammonia flux was studied in details by the STM/STS techniques. The adsorption and intermediate phases arising 
at low doses preceding the (8 × 8) structure formation were determined. Dependence of the STM images contrast 
on the tunneling gap voltage is interpreted within framework of the WKB tunneling current theory. It is shown 
that the (8 × 8) structure is formed over the silicon surface but not in the surface etching pits. Homogeneous 
disordered high-temperature silicon nitride phase, consisting of SixNyHz fragments transforms into an inhomo-
geneous one at phase transition from (1 × 1)→(7 × 7)N upon surface cooling. This silicon nitride phase is 
concentrated mainly in the central areas of the (7 × 7) DAS structure. A peaks shift in the STS spectra of local 
electronic states as a function of the ammonia dose is discovered. The nature of the peaks is associated with the 
electronic states of dangling bonds and/or π-bonds comprising into the SixNyHz fragments. The SixNyHz frag-
ments are the building blocks for a graphene-like g-Si3N3 layer with the (8 × 8) structure. In frame of lattice gas 
model a lateral interaction of the fragments provides a phase transition to a condensed ordered phase (8 × 8).   

1. Introduction 

1.1. Two-dimensional materials, including two-dimensional silicon nitride 

Since two-dimensional (2D) high-quality graphene were prepared by 
mechanical exfoliation of single layer graphene from highly oriented 
pyrolytic graphite (HOPG) and its properties were studied, it is consid-
ered as the most promising material suitable for the development of the 
next generation of electronics and nanoelectronics [1]. Attractive in the 
graphene are its extraordinary electronic properties, namely, the 
absence of a bandgap, the linear dispersion law. In addition, it has high 
temperature stability of electronic properties and high thermal con-
ductivity. However, the semimetallic nature of graphene and the 
absence of a bandgap make it difficult to develop the technology of 
transistors and switches [2]. To solve such problems and to expand the 
possible applications of graphene, a number of ideas devoted to the 
modification (functionalization) of graphene were proposed [3,4]. On 
the other hand, the discovery of graphene stimulated the search and 
study of the properties of other 2D crystalline materials with 

semiconductor nature. Among them, much attention was attracted to 
graphite-like carbon-nitride compounds g-C3N3 and g-C3N4. These ma-
terials consist of covalently bound sp2-hybridized carbon and nitrogen 
atoms. Interest is caused by theoretical predictions of new mechanical, 
electronic, magnetic and photocatalytic properties [5–14]. To date, the 
g-C3N4 compound has been synthesized [14] and it has been demon-
strated that the g-C3N4 layers have a bandgap in the range of 1.6–2.0 eV, 
which makes it possible to use them to create electronic and optoelec-
tronic devices, such as field effect transistors, photodetectors, light- 
emitting diodes and lasers. 

Much less attention was paid to the silicon–nitride compounds with a 
graphite or graphene structure (such as g-Si3N4, g-Si3N3, etc.), which 
may have a set of unusual and useful properties. Previously, it was 
believed that silicon is not capable to form stable aromatic compounds 
[15]. However, it was recently shown in the works [16–18] that in 
complex molecules containing cyclic silicon chains, the sp2 hybridiza-
tion of atomic orbitals and aromatic bonds occurs. Cyclic Si-N rings, in 
particular Si3N3H3, were considered theoretically in [18], and their 
stability and aromaticity have been confirmed. In [19], the electronic 
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and optical properties of the g-Si3N3 layer were calculated from the first 
principles, the bandgap width in this material was theoretically deter-
mined by two computational methods: GGA-PBE (2.3 eV) and hybrid 
functional HSE06 (3.5 eV). However, there are no experimental evi-
dences for the existence of such structures and works devoted to the 
study of its properties to date. In our recent publications [20,21], we 
have assumed that (8 × 8) structure, formed on the nitridated silicon 
substrate surface, consists of aromatic Si3N3 rings. 

Silicon nitride structures appeared during the Si(111) surface nitri-
dation process were studied in a number of works [22–38]. As a rule, an 
amorphous phase of silicon nitride is formed during silicon nitridation 
[29–31], however, at the initial stages of Si(111) surface nitridation at 
sufficiently high temperatures the ordered (8 × 8) structure was 
observed [22–25,33–38]. The (8 × 8) structure was discovered for the 
first time by van Bommel and Meyer in 1967 [33]. This structure and its 
diverse representations, such as (8/11 × 8/11) and (8/3 × 8/3) struc-
tures, have been studied and described later. Let us consider the most 
important, in our opinion, works. Nishijima and Kobayashi [22–24], as 
well as Morita [25], investigated the (8 × 8) structure and proposed its 
atomic model. It was assumed that the (8 × 8) structure is a periodically 
bent SiN bilayer with a lateral lattice parameter of 2.79 Å on base of sp3 

hybridization of the atomic orbitals. In addition, Nishijima and 
Kobayashi proposed a flat SiN layer model based on sp2 hybridized or-
bitals of silicon and nitrogen atoms, where the silicon and nitrogen 
atoms are implied tetravalent, which is questionable for nitrogen. Later, 
the models explaining the (8 × 8) structure on base of thin crystalline 
layer of β-Si3N4 became dominating [34–37]. First, Rottger et al [34] 
supposed that (8 × 8) structure consists of β-Si3N4 structural units. Then 
Ahn et al [35] proposed a model where the (8 × 8) structure is explained 
by the formation of a crystalline β-Si3N4 monolayer with adsorbed ni-
trogen atoms on top of it. Later it was proposed to consider the (8 × 8) 
structure as a reconstruction of the β-Si3N4 surface and express this 
structure on base of the lattice constants of the β-Si3N4 phase instead of 
silicon, that is, denote it as (4 × 4) [36,37]. 

Earlier, in [20,21,27], we have investigated the (8 × 8) structure 
formation under exposure of the silicon (111) surface in an ammonia 
flux at molecular beam epitaxy (MBE) conditions. An ordered structure, 
consisting of hexagons with a side size of ~ 6 Å, have been experi-
mentally discovered by the scanning tunneling microscopy (STM) 
technique. Based on this fact and data from reflection high energy 
diffraction (RHEED), transmission electron microscopy (TEM) and 
others methods, a model of the (8 × 8) structure have been proposed. 
According to this model, hexagon consists of 6 Si3N3 aromatic rings 
connected by Si-Si bonds (Fig. 1). Silicon is in sp2 hybridization, and 
nitrogen is in sp-like hybridization, binding in the aromatic ring is car-
ried out by σ- and π-bonds. 

Besides, the STM images have demonstrated a periodic adsorption 
structure (8/3 × 8/3), which we have associated with silicon adatoms 
[21]. The (8 × 8) structure at elevated temperatures appears due to the 
interaction of the so-called mobile silicon adatoms with nitrogen. 
Atomic orbitals of mobile silicon adatoms in this case transform into the 
sp2 configuration with a higher probability than into the sp3 configu-
ration. The formation heat of a mobile silicon adatom on the Si (111) 
surface as ~ 1.7 eV have been determined [27], that have allowed us to 
describe the kinetics of (8 × 8) structure formation in agreement with 
experiment. 

1.2. State of research of the initial stages of Si (111) nitridation 

1.2.1. Reactivity of corner adatoms, central adatoms and rest-atoms of (7 
× 7) structure 

The mechanisms of an ordered (8 × 8) superstructure formation are 
of great interest. In the works of Avouris et al and Wu et al [39–43], the 
initial stages of Si (111) surface nitridation process with the (7 × 7) 
reconstruction at the atomic level using STM/STS (scanning tunneling 
spectroscopy) were investigated. The authors explained the appearance 

of new contrast as dark areas on this surface during nitridation process 
by saturation of dangling bonds of (7 × 7) structure with products of 
dissociative chemisorption of ammonia NH3 → NH2 + H, that is, the 
appearance of single Si-NH2 and Si-H bonds on the surface. In these 
works authors believed that the reaction of silicon nitridation with 
ammonia is not an etching process of the surface. Note that in contrast to 
this, for example, in the works of Gangopadhaya et al [44,45] and 
Petrenko et al [46], nitridation and (8 × 8) structure formation are 
considered as surface etching processes with ammonia. However, these 
works did not provide unambiguous evidence of surface etching by the 
reagent. 

Actually, the color change (that is, the appearance of dark spots, 
arreas and stripes) in STM images is explained by Avouris et al as the 
“elimination” of states corresponding to dangling bonds of rest-atoms 
and/or adatoms on a clean surface. Then, according to Avouris et al, 
for adatoms, that did not react with ammonia, their color on the images 
does not change. Unfortunately, the authors of [40] did not provide the 
STS spectra for the reacted central adatoms, the color change of which 
predominantly creates the characteristic ordered pattern of the STM for 
the modified (7 × 7) image after exposure to ammonia; such spectra 
would make it possible to better understand the evolution of silicon 
electronic structure under reaction with ammonia. 

Note also that the STM images presented by the authors [39–41] 
contain reacted corner adatoms and unreacted central adatoms. This 
indicates that any adatoms (both central and corner) can react with 
ammonia, the difference is only in the ratio of the probabilities of such 
reactions for a particular adsorption site (or dangling bond). The authors 
classified adsorption sites of (7 × 7) structure according to their reac-
tivity: dangling bonds of rest-atoms were identified as the most reactive, 
followed by central adatoms and corner adatoms as the least reactive. 
Keeping the authors logic and taking into account the experimental 
observation of reacted corner adatoms, it can be concluded that, in 
principle, complete filling of the (7 × 7) surface with Si-N and Si-H 
bonds is possible, that is, saturation of all 19 initial dangling bonds on 
the (7 × 7) surface with ammonia. For this the dissociative chemisorp-
tion of only 10 NH3 molecules per (7 × 7) cell is sufficient. 

In contrast to Avouris et al, Kang [47] based on ab initio calculations 
showed that adatoms are more active under ammonia chemisorption 
than rest-atoms, and the dangling bonds of rest-atoms are saturated 
mainly with hydrogen. Also according to this author, dangling bonds of 

Fig. 1. The fragment of the model of ordered (8 × 8) structure in hexagon form 
consisted of 6 Si3N3 aromatic rings connected by Si-Si bonds, sp2 Si-dangling 
bonds are saturated by hydrogen atoms (dark grey circles denotes Si atoms, 
blue circles are N atoms, light grey circles are H atoms). 
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rest-atoms are completely saturated “earlier” than adatoms, only 
because in the (7 × 7) cell there are twice as little. Later, to explain STM 
images, the “bridging” configuration of Si-NH-Si bonds, which is formed 
at the site of the back-bond between the adatom and the nearest un-
derlying silicon atom, incorporated in the crystalline bilayer of the 
substrate, was also considered [48,49]. 

It is necessary to emphasize the following very important circum-
stance: it was demonstrated in the work of Wu et al [43] that the use of 
higher nitrogen doses during low-temperature (for example, room 
temperature -RT) nitridation process of the silicon surface leads to the 
formation of an ultrathin nonstoichiometric disordered silicon nitride 
layer, but (8 × 8) structure is not formed. 

1.2.2. Local electronic structure of the surface 
As was established in the works of Wu et al [42,43] and Gang-

opadhaya et al [44,45], the (8 × 8) structure can form at elevated 
temperatures of nitridation process. The appearance of (8 × 8) structure 
was manifested itself by the formation of darker regions of triangular 
(and/or hexagonal) shape in STM images, and it was assumed that (8 ×
8) structure is formed in the etching pits of the silicon surface. However, 
it is also known that images in scanning tunneling microscopy reflect not 
only the morphological state of the surface, but also the local electronic 
structure of the surface, which plays an important role in surfaces spe-
cies identification and characterization [50,51]. When interpreting 
STM/STS data, it is necessary to take proper account of the local density 
of states (LDOS) of the surface, which is usually associated with the 
differential tunneling conductance (dI/dV)/(I/V). Therefore, the dark 
areas in the image are not necessarily morphological pits, but may also 
indicate a decrease in the local density of states (in a certain energy 
range that was used in the STM/STS measurement) in this area of the 
surface. Of course, the STM contrast on the clean surface is obviously 
originate from the morphological contribution, for example, when 
measuring the height of a step on a clean silicon surface with the same 
reconstructions on the both terraces. 

Despite a large number of studies devoted to nitridation of the Si 
(111) surface and the formation of the (8 × 8) structure, the electronic 
states of this structure have not yet been finally established. For 
example, in the work of Wu et al [43], the STS spectra of the density of 
states of (8 × 8) structure with a bandgap of about 5 eV are demon-
strated, and there are no electronic states in the range from –3 to + 2.5 
eV. These results do not agree with the STS data of Flammini et al [52], 
where the filled electronic states were observed almost from the Fermi 
level and a pronounced shoulder in the density of states was found near 
− 2.2 eV. Besides, the nitride electronic states at about − 2 eV were 
observed by the authors by angle-resolved photoemission spectroscopy 
(ARPES). In addition drastically differs from the aforementioned authors 
results the spectrum of valence states of (8 × 8) structure obtained by the 
photoelectron spectroscopy (PES) method by Kim and Yeom [53], where 
the most intense peak at − 1.1 eV was observed. It is interesting to note, 
that Flammini [52] have prepared the sample by the same method as 
Kim and Yeom [53], but different electronic spectrum of the (8 × 8) 
structure was found. 

There is similar situation upon nitridation of the Si (001) surface, on 
this surface variations in the bandgap on the nitridated surface were also 
observed in the STS spectra. In the works of Matsushita et al [54–56], at 
low exposures of the surface in active nitrogen, a small bandgap was 
observed, while at high exposures the bandgap increased and reached 4 
eV. The possibility of the silicon nitride layer formation with a relatively 
narrow bandgap is also confirmed in the work of Kondo et al [57], where 
the band width (starting from 0.45 eV on a clean reconstructed Si (001)- 
(2 × 1) surface) varied from 1.6 to 4.3 eV with varying growth condi-
tions, in particular, the nitridation temperature and the power of ni-
trogen RF plasma. None of ordered silicon nitride structures were 
observed in these works. 

In our previous works, all experiments on silicon surface nitridation 
were carried out in an excess of ammonia. In the present work, we 

continued the study of nitridation processes under excess silicon con-
ditions. The Si (111) surface nitridation was carried out at high tem-
peratures, depending on the ammonia dose, starting with very low 
doses, followed by analysis by the STM/STS techniques. This allowed us 
to study the nitridation evolution and determine which adsorption and 
intermediate phases arise before and during the (8 × 8) structure for-
mation. The study of the structure evolution of intermediate phases is 
combining with investigation of evolution of local electronic states of 
the surface. The nature of the contrast in STM images is discussed, and 
on this basis, a comparative analysis of STM/STS images and spectra 
that was obtained at low and high nitridation temperatures is carried 
out. The reactivity of various surface species including the DAS (7 × 7) 
structure subunits is discussed. 

2. Experimental methods 

The experiments were carried out independently in two ultrahigh 
vacuum systems: in a Riber CBE-32P molecular beam epitaxy machine 
equipped with a RHEED system (12 keV electron gun) and an STM/STS 
machine. The evolution of the complete diffraction pattern (DP) from 
the luminescent screen with high cathodoluminescence efficiency was 
recorded using a kSA-400 system from k-Space Associates Inc., equipped 
with CCD-based camera and software for recording and analysis of 
diffraction patterns. 

The surface exposure (dose) in ammonia is defined as D = P × t, and 
was measured in Langmuir (L), where P is the pressure (in our case 
ammonia), t is the exposure time in ammonia, and according to the 
definition 1L = 10-6 Torr × 1 s. The nitridation process was studied in 
situ using RHEED technique on insulating silicon substrates Si (111). 
Surface preparation procedure, formation of a maximal surface coverage 
with a g-Si3N3 layer occurred during exposure of the silicon surface to 
ammonia in a narrow range of conditions, with an accurate control of 
the surface temperature, ammonia flux and exposure time, were 
described in our previous works [20,21,27]. 

Samples of ultrathin silicon nitride for studies by scanning tunneling 
microscopy/spectroscopy (STM/STS) were prepared on a conducting n- 
type Si (111) substrate with a resistivity of 0.3 Ω × cm in an ultrahigh- 
vacuum machine for AFM/STM/STS analysis (Omicron, Germany). This 
machine is equipped with an ultra-high purity ammonia feed unit and a 
reflection high-energy electron diffraction system. The preparation of a 
clean silicon surface for experiments was carried out in two stages. First, 
the surface was annealed at 600 ◦C in a preparation chamber for 2 h. 
Finally, the silicon surface was cleaned at 1250 ◦C for 30 s. The atomic 
purity of the Si surface was confirmed by the registration of the (7 × 7) 
superstructure. STM images and STS spectra were recorded at room 
temperature in the constant tunneling current mode, as well as in the 
current-imaging-tunneling spectroscopy (CITS) mode [58] using an 
electrochemically sharpened tungsten tip. Typical currents did not 
exceed 0.1nA (the typical tunneling current used was 0.025nA), and a 
bias voltage (Vbias) relative to the probe potential was applied to the 
silicon sample in the ± 5 V range. The dependence of the differential 
conductance (dI/dVbias)/(I/Vbias) on the voltage in the tunnel gap (Vbias) 
was determined by numerical differentiation of the measured I-V 
dependences. 

The initial surface for further studies of the nitridation process is a 
clean Si (111) surface with (7 × 7) reconstruction. Both machines (MBE 
and STM) make it possible to reproducibly obtain a clean silicon Si 
(111) surface, which is confirmed by (7 × 7) reconstruction images in 
both RHEED and STM, which are in good agreement with those known 
in the literature. Calibration of STM measurements of surface morpho-
logical features was performed using a monolayer step on a clean silicon 
(111) surface with (7 × 7) reconstruction, since this value is well known 
− 3.14 Å. Without normalization, the height of monolayer steps 
measured on different samples and at three different voltages turned out 
to be about 4.2 Å, and the correction factor for the measured heights in 
our case is 3.14 Å/4.2 Å ≈ 0.75. The height profiles normalized to this 
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factor for several measurements of steps are shown in Fig. 2. 

3. Experimental results and discussion 

3.1. Appearance and evolution of atomic (8 × 8) structure under silicon 
Si (111) nitridation 

Earlier, our RHEED studies have shown that the brightest diffraction 
patterns with narrow diffraction spots of the (8 × 8) structure are ob-
tained at a high temperature of silicon nitridation. The spots intensity 
evolution of this structure during nitridation process demonstrates a 
maximum at a certain exposure, after which the pattern gradually fades 
out [27]. More detailed information on the evolution of the structure 
and electronic states in the silicon nitridation process can be obtained by 
microscopic studies using STM/STS techniques (see supplementary 
materials Part 1: comparison of RHEED kinetic curves areas and corre-
sponding STM images). 

3.1.1. Evolution of the (7 × 7)N nitride structure on the surface before the 
appearance of (8 × 8) structure 

Fig. 3 shows STM images of a Si surface after small doses (no more 
than 5L) of ammonia exposure at a temperature of 1000 ◦C. In what 
follows, we will use terms that are often encountered in the literature, 
for example, in [59] when describing individual subunits of the (7 × 7)- 
DAS structure, such as “corner adatom” or “central adatom” and others. 
STM images were obtained at a bias on the sample (relative to the 
probe) + 1 V and contain information about the empty states of the 
sample surface. 

After exposure of the Si surface to ammonia 0.3L, separate dark areas 
appear in the image (Fig. 3a), which are comparable in size to the area 
occupied by one or two adjacent adatoms of the DAS structure. Such 
dark areas occupy about 3% of the image area (Sdark) covered by a 
structure with the (7 × 7) periodicity (let us designate this area as S7×7), 
while regular “dark areas” of the DAS structure itself were not taken into 
account, namely dark corner holes. It is necessary to pay special atten-
tion to the fact that under ammonia exposure at a temperature T =
1000 ◦C, a (1 × 1) structure exists on the silicon surface. That means the 
absence of corner, central adatoms and rest-atoms, dimers, corner holes, 
stacking faults characteristic for the (7 × 7) structure, and (7 × 7) 
periodicity occurs only during the sample cooling to temperatures below 
830 ◦C, while STM images are recorded after cooling to room temper-
ature. Let us introduce the coverage of the surface with dark areas as 
θdark = Sdark/S7×7, then for the given dose we have θdark = 0.03. With an 
increase in exposure to 1.5L, the number and size of dark areas increases 
as well as the inhomogenuity of the image (Fig. 3b) and the coverage is 

θdark = 0.19. At the dose of 5L, a separate areas merged into continuous 
curved (self-intersecting) dark stripes with a width approximately cor-
responding to the distance between the nearest corner adatoms (about 
10 Å), the degree of surface coverage reached θdark ≈ 0.45 (Fig. 3c). The 
implication is that an increase in the exposure of the heated Si surface to 
ammonia, there is a monotonic increase in the coverage degree of the 
surface with the (7 × 7) structure by dark areas. 

Let us also pay attention to the fact that the dark stripes are located 
mainly in the area of the central adatoms and rest-atoms of the DAS 
structure. Let us designate such a structure as (7 × 7)N, where the N 
index emphasizes that the surface contains nitrogen atoms and differs 
from the (7 × 7) structure of a clean Si (111) surface. Such a predom-
inant arrangement of dark stripes on the central adatoms and the pres-
ence of light corner adatoms surrounding the corner holes form a 
characteristic periodic pattern of dark and light features, with the same 
periodicity as (7 × 7) structure, and Fig. 3c well demonstrates such a 
characteristic ordered pattern. However, the images also show many 
deviations from an ideal ordering. A thorough analysis of the STM image 
in Fig. 3c reveals that there are both dark corner adatoms and central 
adatoms that retained a lighter tone. This indicates that the newly 
formed (7 × 7)N structure is less ordered in comparison with (7 × 7) DAS 
structure of pure silicon surface (see supplementary materials Part 2). 
Registration of STM images of this surface with a higher resolution did 
not reveal new features in the region of dark stripes and no other ordered 
structure, except for the periodicity of the (7 × 7) structure. In addition, 
it should be noted that there is no boundary between the structures (7 ×
7)N and (7 × 7). This means that the periodic part of the (7 × 7)N 
structure is completely determined by the DAS structure (7 × 7), and the 
nitride layer itself does not have its own periodic structure and is located 
on top of the (7 × 7) structure (see supplementary materials Part 3). 

With a further dose increasing to more than 5L (and a treatment 
temperature of 1000C), nuclei of a new ordered (8 × 8) structure similar 
to that observed by the authors [44,45] appears on the surface, and the 
degree of surface coverage with the (7 × 7)N structure begins to decrease 
(if counting from the total surface area), since part of the sample surface 
is covered by (8 × 8) structure. In this case, the ratio of the dark and light 
areas in the images of the (7 × 7)N structure itself stops changing, 
remaining at the θdark ≈ 0.5 level. According to this fact, we can make a 
simple estimation of the fraction of the area occupied by the (7 × 7)N 
structure at low exposures, where this structure coexists or is surrounded 
by a pure (7 × 7) structure. Based on the proportion occupied by dark 
areas and assuming θ(7×7)N ≈ 2 × θdark, it is possible to depict its evo-
lution graphically, as shown in Fig. 4. That is, the dependence reaches its 
maximum and then a lowering of the θ(7×7)N coverage is observed when 
the exposure is exceeded 4-5L (see supplementary materials Part 4). 

Thus, at the initial stages of nitridation process, both the interaction 
of silicon atoms with ammonia and the transformation of the initial 
valence electronic states characteristic for pure silicon on the surface to 
the state of silicon nitride are manifested in STM images through the 
additional contrast evolution of the (7 × 7) structure. Further, more 
detailed study of such valence states transformation by the STM/STS 
methods implies the need to take into account at least two aspects: an 
increase in the ratio of nitrogen atoms with respect to surface silicon 
atoms, as well as a change in the number of bonds with nitrogen atoms 
for individual silicon atoms. The possible range of changes in the 
number of nitrogen neighbors for a silicon atom is from 0 to 4, and at the 
initial stages of nitridation, the distribution of surface silicon atoms by 
the number of bonds with nitrogen undergoes a certain evolution until, 
ultimately, it reaches the composition of Si3N4. On the other hand, from 
scanning tunneling microscopy analysis, the contrast formed as a result 
of nitridation process can be associated with both morphological 
changes on the surface and with a change in the local density of elec-
tronic states of the surface due to interaction with ammonia. For 
example, in [44,45] the contrast have been associated by authors with 
the surface morphology, but in [40,42] it have been associated with the 
local density of states. The formation of contrast in STM for the formed 

Fig. 2. Normalized height profiles measured at different voltages. Insert: image 
of a monolayer step on a clean Si (111) surface with (7 × 7) reconstruction. 
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nitride layer is considered in more details below. 

3.1.2. Evolution of (8 × 8) structure with increasing exposure until the 
appearance of clusters of amorphous Si3N4 

Fig. 5 shows images of silicon surfaces treated at 1000 ◦C with higher 
ammonia doses in the range 5L − 40L. Regions of a triangular shape are 
formed on the surface; an examination of these regions with higher 
resolution revealed a hexagonal (8 × 8) structure [20,21]. Triangles 
appear as darker shapes surrounded by light backgrounds. Note that 
STM images of a light background obtained with a higher resolution 
demonstrate the same characteristic pattern as in Fig. 3c, that is, these 
light areas are covered with the (7 × 7)N structure. Such kind of contrast 
with darker shapes is often interpreted as the formation of etching pits 
[44,45]. 

It follows from Fig. 5a-d that (7 × 7)N and (8 × 8) structures coexist 
on the surface in a fairly wide range of surface coverage with silicon 
nitride. It has been established that an increase in exposure leads to an 
increase in the degree of surface coverage with a (8 × 8) structure (see 
supplementary materials Part 5). 

At exposures above 30L new features are revealed in STM images. At 
Fig. 5d, bright features appear - islands, which we associate with the 
formation of three-dimensional (3D) clusters of amorphous silicon 
nitride Si3N4, since earlier STS spectra measured on such kinds of clus-
ters showed a bandgap of more than 5 eV, characteristic of Si3N4 [21]. At 
the same time, it is still possible to find the surface areas covered not 
only by (8 × 8), but also by the (7 × 7)N structure. Thus, at an exposure 
of more than 30 L, the STM images showed the presence of three nitride 
phases simultaneously: structures (7 × 7)N and (8 × 8), as well as 

clusters of amorphous silicon nitride phase. The evolution of the surface 
coverage by the (8 × 8) structure is shown in Fig. 6. The process of (8 ×
8) structure formation terminates at certain value of coverage, despite 
the fact that the surface is not yet completely covered with this (8 × 8) 
structure. Earlier, when studying the nitridation process by the RHEED 
technique, we have also found that the process of (8 × 8) structure 
formation terminates at different coverage levels for various tempera-
tures (including the 1000 ◦C) [27], see also the comments in the sup-
plementary materials Part 6. The termination of the process was 
explained by the depletion of the equilibrium concentration of mobile 
silicon adatoms, since the (8 × 8) formation process proceeds faster than 
the restoration of the equilibrium concentration of mobile silicon. 
Therefore, one can conclude that the dose of ammonia ~ 30 L under 
these conditions corresponds to the depletion of the mobile silicon 
concentration. 

3.2. Dependence of the STM images contrast as function of the voltage 
applied to the tunnel gap 

During the STM studies of the evolution of (7 × 7)N and (8 × 8) 
structures, it was found that the operating voltage between the sample 
and the probe, specified during surface scanning, affects the image 
contrast. 

Fig. 7 shows sequentially recorded images of the sample (7 × 7)N 
surface (exposure 5L) when scanning the same area at different voltages 
between the sample and the probe, while the working tunneling current 
was kept constant at a level of 0.025nA. 

Fig. 7a-c clearly show that the color contrast between the corner and 
central adatoms decreases with voltage increasing. Note that the images 
shown here are presented with a fixed range of z-coordinate variation. It 
is clear that the dynamics of the height profiles with such variation of 
voltage (Fig. 7d) is consistent with a decrease in the image contrast. In 
the presented profiles, it is important to pay attention to the fact that 
with increasing voltage (curve + 2.1 V), the difference in heights in the 
corresponding maxima for the central adatom and corner adatom dis-
appeared (in some areas the difference even changed to the opposite). In 
addition, at voltages of + 1.5 V and + 2.1 V, a peak was clearly man-
ifested itself at the place of the dip in the profile at a voltage of + 1 V, 
that is, it became possible to resolve an atom that was not observed at +
1 V. It should also be emphasized that such a change in color contrast 
(and profiles) is not associated with any degradation of the surface when 
sequentially scanning the same area, since a return, for example, to a low 
voltage leads to the reproduction of a previously observed contrast, 
moreover, the contrast is reproduced when reusing one or another 
voltage. In our opinion, the discovered effect indicates that the dark 
stripes in the area of the central adatoms of the (7 × 7)N structure, which 
look like “morphological pits”, in fact correspond to atoms located 
approximately at the same height with corner adatoms. 

A similar effect of changing the color contrast with varying voltage 
between the probe and the sample is clearly observed at the boundary 

Fig. 3. STM images of the Si (111) surface structure at low doses of sample exposure in ammonia: (a) 0.3L; (b) 1.5L; (c) 5L. Voltage + 1 V, tunneling cur-
rent 0.025nA. 

Fig. 4. Dependence of the surface coverage by the (7 × 7)N structure on 
exposure to ammonia. 
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between the regions (7 × 7)N and (8 × 8) structures. Fig. 8 demonstrates 
the measurements data on a sample obtained as a result of ammonia 
exposure of the surface with a dose of 7L. Here, as in the previous case, 

the images obtained by sequential scanning of the same area of the 
sample at different positive bias voltages on the sample are presented. 

These images clearly show a significant decrease in contrast between 
light (7 × 7)N and dark (8 × 8) areas with increasing bias voltage. It is 
convenient to consider this effect by comparing the height profiles 
measured at this boundary. The profiles of the normalized height (by the 
coefficient given in the experimental part) along the lines marked in the 
images in Fig. 8 are shown in Fig. 8(e). 

It is seen that the magnitude of the measured step significantly de-
pends on the voltage across the tunnel gap. The apparent “deep 
morphological pit” with a depth of 4.9 Å, observed at + 1 V, becomes the 
“shallow” only 1.7 Å when the voltage rises to + 2.5 V. A similar effect is 
equally manifested on different samples after treatment in ammonia at 
different exposures, if it is possible to find coexisting (7 × 7)N and (8 ×
8) structures on such surfaces. Note also that the color contrast and/or 
step size returns to the previous value when a certain voltage is restored 
after voltage variation in one direction or another. 

Thus, the seeming “morphological step” [44,45] is not actually a 
step. Such phenomena can be associated with a change in the local 
density of states of the surface during the formation of nitride (7 × 7)N 
and (8 × 8) structures; therefore, it is necessary to study the behavior of 
the density of electronic states of the surfaces. 

The behavior of the tunneling current is quantitatively described in 
the one-dimensional WKB (Wentzel – Kramers – Brillouin) approxima-
tion by the following expressions [60]: 

Fig. 5. STM images of a surface with (8 × 8) structures nuclei at various exposures in ammonia: (a) 5 L; (b) 15 L; (c) 21 L, (d) greater than 40 L. For the increased 
exposures (greater than30 L) the formation of 3D clusters of amorphous silicon nitride is visible, it looks like white islands (d). Voltage is + 2 V, tunneling current 
is 0.025nA. 

Fig. 6. Evolution of the surface coverage by the (8 × 8) structure with 
increasing of ammonia exposure. The decrease of the (8 × 8) coating is asso-
ciated with the amorphous Si3N4 formation. 
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I(V, z) ∼
∫ V

0
ρs(E)⋅ρt(E - V)⋅T(E,V, z)dE (1) 

and 

T(E,V, z) = exp

[

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

α⋅
(

φ +
V
2
− E

)√

⋅z

]

(2) 

where φ is the height of the tunneling barrier at zero bias and α = 8 
m/h2, z is the distance from the probe to the surface, or the tunneling 
gap, E is the integration variable that covers the energy range corre-
sponding to the difference between the Fermi levels of the probe and the 
sample. The function T(E, V, z) describes the transmission coefficient of 
the tunneling barrier (it is assumed that the barrier is trapezoidal) at a 
distance z from the probe to the sample surface, ρs(E) is the density of 
states of the sample. The density of states of the probe ρt(E-V) is 
considered to be a smooth, low-varying function. The equations also 
imply the dependence of the current on the lateral coordinates (x, y), but 
for brevity they are not explicitly written in the formula. 

The above formula shows how exactly the contributions to the 
tunneling current of the spectrum of the surface density of states and the 
tunneling distance are “entangled”, and this allows a better idea to 
explain the role of current feedback in the formation of image contrast 
during scanning in an STM. By knowing the tunneling gap and the dif-
ference ρs(E) in the spectra at different points of the surface, it is possible 
to calculate the tunneling currents at these points for a fixed tunneling 
gap between the probe and the surface, or the corresponding 

displacements of the probe at a fixed tunneling current, i.e. in the 
presence of current feedback. 

3.3. Explanation of the observed contrast of STM images based on local 
spectra 

Let’s consider couple specific examples of contrast formation. When 
measuring the (7 × 7)N structure, we take into account that the adatoms 
on the initial clean (7 × 7) silicon surface are at the same height. We also 
assume that morphological changes on the (7 × 7)N structure are 
insignificant, since comparing Fig. 8a and Fig. 8c, we see a change in the 
color contrast between the central and corner adatoms with increasing 
voltage, which cannot be associated with real morphological features. 
Let us compare the STS spectra measured on small surface areas corre-
sponding to the lateral positions of the central and corner adatoms. In 
Fig. 9 are shown fragments of the spectra of the local density of states at 
positive biases on the samples for the STM images presented above (see 
supplementary materials Part 7). 

Here we are using the well-known statement that the normalized 
differential resistance (dI/dV)/(I/V) is proportional to the local density 
of states [61]. Fig. 9a shows that in the spectrum of the density of states 
in the range from 0 to + 1 V, the total area under the red curve is larger 
than under the black one. It means that a larger tunneling current is 
expected for corner adatoms, and, therefore, will cause a corresponding 
compensating displacement of the probe from the surface, which will 
appear in image as a lighter place (or “high place”) in relation to the 

Fig. 7. STM images of a surface area (7 × 7)N structure obtained at different operating voltages (biases) (a) + 1.0 V, (b) + 1.5 V, (c) + 2.1 V; (d) height profiles of the 
(7 × 7)N structure at different voltages. The lines along which the profiles were measured are shown in images (a) - (c). 
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darker central adatom place. In turn, in the range from 0 to + 2.1 V, the 
area under the red curve is close to the area under the black curve (since 
the shaded area in black roughly compensates for the shaded area in 
red). Then a small difference in tunneling currents at the both places on 
the surface is expected, and the color contrast between the corre-
sponding places vanishes at this scanning voltage. 

Similar reasoning is applicable for the case when the contrast ap-
pears at the boundary between the (7 × 7)N and (8 × 8) structures (see 
Figs. 8 and 9). The corresponding spectra are shown in Fig. 9(b). It can 
be seen that at low voltages, the area under the red curve (for example, 
from 0 to + 1 V) is significantly larger than under the black one. This 
difference decreases with increasing voltage, and above a certain 
voltage (+2.0 V) the black curve lies even above the red one. There is an 
alignment of tunneling currents and a corresponding disappearing of the 
contrast in STM images. 

Thus, the observed contrast in STM images can be fully explained on 
the basis of accounting only the local density of electronic states. Of 
course, the contrast can be due to a morphological contribution, for 
example, when measuring the contrast of the steps on a clean silicon 

surface as described above. 

3.4. Evolution of the local electronic states of a silicon surface upon 
exposure under ammonia flux 

Variation of the composition and structure of the surface should 
necessarily lead to changes in the electronic states of the surface. 
Varying the exposure of the surface in ammonia a change in the local 
spectra of the density of electronic states was observed (Fig. 10). 

The blue and green spectra in Fig. 10 were obtained from surfaces 
with the (7 × 7)N structure treated by ammonia at exposures 3L and 7L, 
respectively. The peaks shifted from the initial position of the S1 and S2 
peaks corresponded to the clean silicon surface toward the position of 
the characteristic peak (-1.1 eV at red curve) belonged to the structure 
(8 × 8). The shift is stronger for a higher dose, although STM images of 
the (7 × 7)N structures looked like very similar. In Fig. 10 is also shown 
that as nitride (8 × 8) structure is formed a bandgap appears (about 2 
eV) between the characteristic peak − 1.1 eV and the peak in the zone of 
free states + 1.4 eV. For the (7 × 7)N structure the energy position of the 

Fig. 8. Change in color contrast on STM images of the (7 × 7)N/(8 × 8) boundary with a change in bias voltage: (a) + 1.0 V, (b) + 1.5 V, (c) + 2.0 V, (d) + 2.5 V; (e) 
Profiles of normalized “height” at the boundary of (7 × 7)N and (8 × 8) structures at different voltages across the tunnel gap. The curves are deliberately shifted along 
the abscissa for better viewability. 
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peaks (blue spectrum − 0.4 eV, − 1.2 eV and green spectrum − 0.7 eV, 
− 1.7 eV) are located between the peaks of pure silicon and (8 × 8) 
phase. After the formation of the (8 × 8) phase these peaks “disappear”. 
Therefore, it can be assumed that these local electronic states belong to 
some building fragments (like SixNyHz chains or Si3N3H3 aromatic rings) 
from which the phase (8 × 8) is formed while the dose increased. An 
ensemble of such fragments on the surface is usually called as a lattice 
gas. Lateral interaction in the lattice gas provides a phase transition to a 
condensed ordered phase (8 × 8) [62]. These local electronic states as 
well as the characteristic states of the (8 × 8) phase, positioning 
comparatively high in energy (i.e. close to the Fermi level), are the 
dangling bonds of silicon or π-bonds of Si-Si and Si-N. The σ-bonds of Si- 
Si and Si-N are significantly deeper in energy. 

3.5. Atoms reactivity on the (1 × 1) and (7 × 7) structures 

During nitridation process of a silicon surface with (7 × 7) structure, 
it was usually believed that central adatoms are more chemically reac-
tive with ammonia than corner adatoms [39–41]. In our experiments, 
nitridation process was carried out at a high temperature with the (1 ×
1) structure, on which all adatoms are equivalent, and the mobile Si 
adatoms are the highest reactivity atoms [27]. Hence a homogeneous 
disordered high-temperature silicon nitride phase of low concentration 
and strongly enriched by silicon is formed at these high temperature 
conditions. Nevertheless, STM images of (7 × 7)N structure are very 
similar to images obtained at low (room) temperature nitridation. Let us 
emphasized one more time that for the (1 × 1) structure at high tem-
perature there are no any differences, including reactivity, between the 
central and corner adatoms because the adatoms of these kinds are 
definitely absent. The structure (7 × 7)N is formed upon cooling the 
sample surface as a result of the phase transition from (1 × 1) to (7 × 7) 
structure at temperatures below 830 ◦C. It is known that the corner holes 
are the most stable fragment of the DAS structure [63,64]. So, in our case 
as initial stage of the (7 × 7)N structure formation the non reacted silicon 
atoms forms the corner holes surrounded by silicon adatoms, this pro-
cess corresponds to the brighter areas formation in the STM images. On 
the other hand the central area between the corner holes is filled by 
mixture of silicon atoms and of appeared SixNyHz fragments (for the 
future (8 × 8) structure) with various compositions - chains, rings, and 
other configurations, and this process corresponds to the formation of 
darker central areas. This is the possible reason of the similarity of the 
STM images obtained by high and low temperatures nitridation. In the 
appearing silicon nitride fragments, silicon atoms are in sp2 hybridiza-
tion state, nitrogen atoms are mainly in sp hybridization state. At a 
certain critical concentration of such fragments the formation of the (8 
× 8) structure become possible as a result of the phase transition. 

4. Conclusion 

In summary, the Si (111) surface nitridation process at high tem-
peratures depending on the ammonia dose was studied by the STM/STS 
techniques. The intermediate phases (7 × 7)N arising at doses < 5L 
preceding the (8 × 8) structure formation are determined. The (7 × 7)N 
phase appears in the STM images as result of phase transition (1 × 1) to 
(7 × 7)N upon cooling from a high nitridation temperature to room 
temperature. It is discovered that the increase of the (8 × 8) structure 
coverage is terminated at the dose of 30 L. The termination is explained 
by the depletion of the equilibrium concentration of mobile silicon 
adatoms. It is shown within framework of the WKB tunneling current 
theory that the (8 × 8) structure is formed over the silicon surface but 
not in the etching pits on the surface. The peak shifts of local electronic 
states as a function of the ammonia dose is found. The nature of the 
peaks is proposed to associate with the electronic states of dangling 
bonds and/or π-bonds that incorporated into SixNyHz fragments. In turn, 
these fragments are the building blocks for the upcoming (8 × 8) 
structure. 

Fig. 9. Comparison of the STS spectra and areas under the curves (i.e., esti-
mation of the expected tunneling current) at different biases in the tunneling 
gap for: (a) dark central (black curve) and light corner adatoms of the (7 × 7)N 
structure, (b) black curve for the (8 × 8) structure and red curve for the (7 × 7)N 
structure. The differences in areas are shaded. 

Fig. 10. Density of states spectra for (7 × 7)N and (8 × 8) structures obtained at 
different surface exposure under ammonia flow at 1000 ◦C. The positions of the 
known peaks (S1, S2) in the density of states of (7 × 7) structure are indicated 
by black arrows. 
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