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This paper presents the results of experimental study concerning elemental-phase composition, crystallo-
graphic structure, topography and electron-energy structure of interlayer cleavage surfaces (0001) obtained 
for nickel intercalated (Ni3dInSe intercalate) InSe layered crystals, by means of qualitative and quantitative 
X-ray photoelectron spectroscopy (XPS), low-energy electron diffraction (LEED), and scanning tunneling 
microscopy/spectroscopy (STM/STS). It was established that for all layered crystals' intercalates with diffe-
rent concentrations of nickel in initial synthesized InSe + x at.% Ni (x  10.0 %) alloys and layered crystals 
further grown from them by Bridgman-Stockbarger method and subjected to intercalation, the maximum 
concentration of nickel on the cleavage (0001) surfaces of Ni InSe intercalates and, accordingly, in the inter-
layer gaps of up to 7.67 at. % is observed at 0.75 at. % of nickel in synthesized alloys. Nickel does not interact 
with selenium and indium and there is also no interaction with oxygen and carbon. It is established that 
nickel is placed in the interlayer gaps of Ni InSe intercalates and, accordingly, appears on the interlayer 
cleavage (0001) surfaces as fine-phase metal nickel clusters. The studied Ni InSe intercalate system is the 
perfect hybrid structure with the ability to use in magnetoelectronics. 
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1. INTRODUCTION 
 
One of the features of semiconductor layered crystals 

(LC), to which InSe belongs, is the presence of the van 
der Waals gap between the layers that makes it possible 
to introduce into the interlayer space of the crystals (by 
intercalation method) atoms of other substances, for exa-
mple, 3d-atoms of metals of the iron group, in particular, 
nickel, chromium, etc. [1]. 

Such hybrid InSe( ) structures obtained based on 
InSe LC (Fig. 1a, b), which are also called the Me3dInSe 
intercalates, are new materials [2] and should be a sys-
tem of “plane” nanostructures formed by magnetic impu-
rities of 3d-atoms of metals disposed in the van der Waals 
gaps of a layered semiconductor InSe crystal (Fig. 1b). 

The technique of intercalation of LC in the growth 
process by the Bridgman method in evacuated quartz 
ampoules and subsequent thermal treatments of the ob-
tained Ni3dInSe samples as well as structural studies of 
the prepared intercalates allow to state, as the authors 
of [3, 4] assume, about the disposition of Ni3d magnetic 
intercalate  only  in  the  van der  Waals  gap,  but  for  the  
limited nickel concentrations. Alternation of magnetic 
nanolayers with four diatomic Se-In, In-Se layers of the 
semiconductor nSe sandwich allows to avoid coagula-
tions  of  these  nanolayers  along  the  anisotropy  axis  c 
(Fig. 1a). However, there is a possibility of coagulation 
of magnetic atoms of the intercalate inside the van der 
Waals gap with the formation of clusters. 

Therefore, the aim of our work was to perform the so-
called direct studies of the elemental-phase composition, 

micro- and nanostructure of interlayer cleavage surfaces 
(CS) (0001) of Ni3dInSe intercalates. Such investigations 
should give a direct answer about the presence/absence 
of nickel and its amount; its phase composition at the 
interlayer cleavage surfaces and thus the quality of the 
obtained hybrid structures in whole and prospects of 
their application in Ni3d intercalation during the growth 
with further processing. This is important, taking into 
account that the method of electrochemical intercalation 
with the application of an electric field and movement 
of intercalating nickel ions in the intercalate is more 
complicated. 

Intercalation formation of nanosystems [1, 3, 4] has 
a number of significant advantages over other methods 
of overcoming coagulation and agglomeration processes 
in order to create materials for spintronics [2, 5], nano-
photonics [6], in which semiconductor layers alternate 
with layers of other substances, which can have another 
nature. Today, this technique provides the formation at 
the atomic-molecular level of nanostructures of functio-
nal micro-, nanoelectronics; and creation of whole func-
tional microblocks with “output” to the macro-functional 
devices is possible in the future [3]. Therefore, the study 
of the Me3dInSe intercalates, as well as Ni3dInSe in par-
ticular, is under constant attention of researchers [6-8]. 

 
2. OBJECTS OF STUDY 

 
The crystals of Ni3dInSe intercalates with different 

initial discrete atomic nickel concentrations were obtai-
ned as follows. The synthesis of Ni InSe (   0; 0.5; 0.75; 
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1.0; 2.0; 10.0 wt. % of Ni) compounds, from which the 
InSe(Ni) LC were grown, was carried out by the direct 
synthesis of the alloy of initial components (In, Se, Ni) 
in quartz ampoules evacuated to the residual gas pres-
sure of 10 – 3 torr. Vibration mixing was used in order to 
homogenize the alloy. Substances of the mark “HPM” 
were taken as the initial components. The synthesis was 
conducted during three days at a temperature not higher 
than 960 K to prevent the formation of nickel selenide 
compounds. Single crystals of layered Ni InSe interca-
lates were grown by the Bridgman-Stockbarger method 
[4, 7] in evacuated quartz ampoules from the synthesi-
zed InSe + x wt. % of Ni (x  10 %) alloys. The grown LC 
were heat-treated in evacuated quartz ampoules at the 
temperature of 870 K during 60 hours for the uniform 
distribution of Ni impurity in the layered single crystal 
and acceleration of the process of its shift into the inter-
layer gaps (intercalation with nickel) (Fig. 1a, b) [7]. 

The X-ray structural and phase analysis using diffra-
ctometer DRON-4-07 (CuK -radiation) was performed to 
study the structure and phase composition of the obtai-
ned single crystals of layered Ni InSe intercalates. The 
diffraction patterns of pure initial Ni InSe intercalate 
(   0,  pure  InSe  LC)  and  Ni InSe  (   0) intercalated 
with different nickel concentration are indexed in the tri-
gonal system (rhombohedral structure, -polytype), R3m 
( 5

3VC ) space group (Fig. 1a, b). The X-ray phase analysis, 
as an integral research method of the LC volume, showed 
that the obtained Ni InSe intercalate is homogeneous. 
Substitution phases of nickel selenide compounds as well 
as free nickel were not revealed [4]. The absence of the 
X-diffraction peaks (when studying the LC volume), which 
correspond to metal nickel, also confirms the integral 
homogeneity of the obtained crystalline Ni InSe interca-
late. Although, as our further studies of interlayer CS of 
InSe LC intercalated with nickel ((0001) CS of Ni InSe 
LC) show, the situation is somewhat different in a nano-
scale. The results of these studies obtained by the corres-
ponding surface-sensitive methods will be given below. 

 

 
 

Fig. 1 – Structure of -InSe LC (a) and schematic representation 
of Ni InSe hybrid structure (intercalate) (b). a) Crystal structure 
of -InSe LC. Lattice constants are given by the data of work [9]: 
a  b  4.002 Å, c  24.946 Å (R3m ( 5

3VC ) space group). b) Sche-
matic representation of Ni InSe hybrid structure, in which 3d 
atoms of nickel (N ) are located in the interlayer gaps of the LC 
(between covalently bound (into the semiconductor layers) InSe 
atoms. The triangle in the left upper part of the figure indicates 
the cleavage direction with obtaining (0001) Ni InSe LC 

To obtain (0001) CS of pure nSe LC and interca-
lated Ni InSe, the samples of a special shape (pedestal) 
of the size of 3  6  4 mm3 were cleaved at 295 K by a 
steel needle. Methods of electron spectroscopy and micro-
scopy, which are extremely informative, now occupy a 
leading place among the effective methods of studying 
the material surface. The elemental-phase composition 
of the surface belongs to the main microscopic characte-
ristics, in addition to crystallography, topography and 
electron-energy structure; therefore, the study of inter-
layer (0001) CS of Ni InSe intercalates is the main task 
in our case. Thus, a question on the presence or absence 
of 3d Ni atoms and in what phase (disperse “cluster” or 
completely formed metal phase) and in what quantities 
are they located at the interlayer (0001) CS of Ni InSe 
intercalates is a key one. 

Therefore, we present here the results of experimen-
tal study of the elemental-phase composition of (0001) 
CS of pure InSe LC and their Ni InSe intercalates ob-
tained by X-ray photoelectron spectroscopy (XPS), low-
energy electron diffraction (LEED) as well as scanning 
tunneling microscopy/spectroscopy (STM/STS). 

 
3. RESULTS AND DISCUSSION 

 
3.1 Elemental-phase composition of (0001) CS of 

Ni InSe intercalates 
 
The investigation of the elemental-phase composition 

of (0001) CS of pure InSe LC and their Ni InSe interca-
lates (   0; 0.5; 0.75; 1.0; 2.0 wt. %) was performed by 
the XPS method. The surfaces under investigation were 
obtained by cleavage of the LC in air; therefore, during a 
short period of time (2-15 min) they were in contact with 
the atmosphere: N2,  O2, CO2,  H2O, CHx before trans-
portation to the ultra-high vacuum (UHV) (10 – 9 torr) 
measuring XPS chamber. 

The XPS spectra are obtained using the device AXIS 
ULTRA (by Kratos Analytical, England), in which we 
utilized monochromatic X-rays AlK  (h   1486.6 eV) 
with the energy line width at half-height of the maxi-
mum (WHH) equal to 0.3 eV. The source of X-rays with 
Al-anticathode operated in the mode with   20 mA and 
U  15 kV. The XPS spectra were recorded at the resi-
dual gas pressure in the spectrometer chamber of 10 – 9 
torr. The photoelectrons of chemical elements excited by 
X-rays, emitted at the angle of 90  to the surface entered 
a hemispherical energy analyzer. The XPS spectrometer 
for the determination of the binding energies of chemical 
elements was calibrated using Ag 3d5/2 line of energy of 
368.2 eV with WHH of 1.7 eV. The relative energy separa-
tion of the energy analyzer of emitted electrons is 1.5%. 

Scanning of the energy analyzer for the determina-
tion of the kinetic energies of emitted electrons and, thus, 
elucidation of the binding energies and identification of 
the chemical elements were carried out in the range of 
10-1100 eV (wide energy window of panoramic scanning). 
The analyzer used the energy window of 210 eV – pano-
ramic (with the energy increment of 200-300 meV) and 
the window of 20-30 eV (with the energy increment of 
20-30 meV) for precision scanning and determination of 
the binding energies of chemical elements (Se 3d5/2 + 3/2, 
C 1s, N 1s, In 3d5/2 + 3/2, O 1s, Ni 2p3/2) and the shape of 
their peaks (detection of chemical shifts) for the purpose 
of phase analysis (appearance of new electronic inter-
actions at (0001) CS of Ni InSe intercalates). 

a b 
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The XPS spectra are obtained by the hemispherical 
energy analyzer. The spectral data were output to the 
counter rate meter and fed to a PC through an interface. 
Execution of repeated precision energy scanning, data 
accumulation and processing by software results in the 
improvement of the signal/noise ratio and achievement of 
energy separation in the spectrum   0.025-0.03 eV. 
This, in whole, provides the quality improvement of the 
XPS spectra, realization of their background correction 
by software and more precise determination of the bind-
ing energy of the “peaks” and peak area for the observed 
chemical elements. The peak area of chemical elements 
is used for the quantitative determination of the relative 
elemental composition of (0001) CS of Ni InSe LC inter-
calates and possible formation on them (when cleaving 
in air) of the interface layers with the participation of the 
main chemical elements, such as In, Se, Ni, and atmos-
pheric gases as N2, O2, CO2, H2O, and CHx. 

The shape of the experimental peaks, their decompo-
sition into components, and binding energy can vary due 
to changes in chemical interactions of elements at the 
interlayer (0001) CS of Ni InSe LC intercalates with the 
formation of new phases in the interfaces. Thus, XPS stu-
dies give information on the elemental-phase composition 
of the interface layers formed on (0001) CS of the LC. 

The panoramic XPS spectrum of (0001) CS of Ni InSe 
intercalates is illustrated in Fig. 2. The peaks of carbon, 
oxygen, nitrogen (C 1s, O 1s, N 1s) are also observed in 
the XPS spectrum of (0001) CS except the present main 

reference peaks of the components of Ni InSe LC inter-
calate (Se 3d, In 3d5/2, In 3d3/2, Ni 2p3/2). The latter is the 
result of absorption of the atmospheric components on 
(0001) CS of Ni InSe intercalates when they are cleaved 
in air. Moreover, the relaxation peaks of the Auger ele-
ctrons of Se LMM, In MNN, and O KLL are present. The 
similar situation was observed in the works [10, 11] for 
(100) CS of In4Se3 LC. 

The most intense XPS peaks are Se 3d5/2 + 3/2, In 3d5/2, 
In 3d3/2, Ni 2p3/2, C 1s, O 1s, which, like all others, were 
identified using the database [12] and recorded on the 
precision scale of “binding energies” in order to estimate 
the manifestation of new chemical interactions with the 
electron charge transfer to the (0001) CS of Ni InSe LC 
intercalates and in their interface layers. The control of 
possible CS charging under X-irradiation and record of 
the XPS spectra was necessary, since it influences the 
XPS results (obtained binding energies of chemical ele-
ments), therefore, the binding energies of elements were 
corrected with respect to  1s-peak of carbon (284.5 eV). 

For precision expanded scanning and more exact de-
termination of the binding energies of chemical elements 
(Se 3d5/2 + 3/2, In 3d5/2, In 3d3/2, Ni 2p3/2) and the shape of 
their peaks (detection of chemical shifts) for the purpose 
of phase analysis (appearance of new electronic interac-
tions at (0001) CS of Ni InSe intercalates and in their 
interface layers), the analyzer used the energy window 
of 20-30 eV with the energy increment of 20-30 meV (see 
Fig. 3, Fig. 4, Fig. 5). 

 

 
 

Fig. 2 – Panoramic spectrum (10-1100 eV) of (0001) CS of Ni InSe LC intercalates without background correction of the peak 
intensity of chemical elements at Ni concentration of   0.75 wt. % in the initial Ni InSe alloy used to obtain the single crystal 

 

 
 

Fig. 3 – Expanded XPS spectra of the components (Se 3d3/2; Se 3d5/2; In 3d3/2; In 3d5/2) for fresh (0001) CS of Ni InSe intercalates 
(short exposure time in air after cleaving is 2-15 min) 
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Fig. 4 – Fragment of “expanded XPS spectrum” of Se doublet 
peak for fresh (0001) CS of Ni InSe intercalates and its decom-
position into individual Gaussians with background correction 

 

 

 
 

Fig. 5 – Decomposition of the peak Ni 2p3/2 into two Gaussians 
in the package Origin 7.5. Software chooses: y0 – background 
level;  – centers of the peaks (Gaussians) – binding energies; 
w – half-height widths of the peaks and calculates the area ( ) 
under each Gaussian (see Table 1) 

 
The exact energy positions of the peaks, which we are 

interested in, namely XPS peaks Se 3d5/2 + 3/2, In 3d5/2, 
In 3d3/2, Ni 2p3/2 recorded on the expanded precision scale 
of binding energies are illustrated in Fig. 3. Each case of 
analysis of the XPS peak shape with the decomposition 
into components by Gaussians is carried out using the 
software Origin 7.5 with the background correction and 
determination of the energy position of the peak (bind-
ing energies of electrons of chemical elements) with the 

control of the XPS database [12] and area under the peak 
(see Fig. 4). 

It is important to elucidate in what electronic (che-
mical) interactions there is nickel, which is localized in 
the interlayer gaps of Ni InSe intercalates and, when 
they are cleaved along the interlayer gaps, appears on 
(0001) CS of the intercalates. 

As  a  result  of  the  processing of  the  XPS spectra  of  
(0001) CS of Ni InSe intercalates, analyzing the doublet 
peaks of indium (In 3d3/2; In 3d5/2) (Fig. 3) and selenium 
(Se 3d3/2; Se 3d5/2) (Fig. 3 and Fig. 4) relative their bind-
ing energies and shape (structure), it is established that 
for fresh (0001) CS and, correspondingly, in the inter-
layer gaps, interactions between nickel and indium and 
between nickel and selenium are absent. 

Background correction of the peak intensities of che-
mical elements, determination of the binding energies 
and peak “intensity” of the element in the presence of 
doublets with overlapping of intensities of individual 
peaks, as, for example, in the case of Se 3d5/2 + 3/2 (Fig. 4), 
appearance of new chemical interactions with varying 
shape and energy position, are conducted using the soft-
ware Origin 7.5 with the decomposition of complex (in 
shape) peaks (Fig. 4) into elementary Gaussians (1) 

 

 
2

0 exp 2
/ 2

cx xAy y
ww

, (1) 

 
where y0 is the background level;  are the centers of 
the peaks (Gaussians) – binding energies; w are the half-
height widths of the peaks; A is the peak (Gaussian) area 
– peak “intensity” of the chemical element. This decompo-
sition procedure of “complex peaks of chemical elements” 
into components with obtaining reference (main elemen-
tary peaks of chemical elements) minus the background 
(background correction) is necessary for the quantitative 
XPS of (0001) CS of Ni InSe intercalates by the pure 
standards method. 

Based on the analysis of the experimental XPS peaks 
of nickel (Ni 2p3/2) (see Fig. 2 and Fig. 5), as well as the 
binding energies of nickel electrons given in the databa-
ses [12] when it belongs to different possible compounds, 
according to the conditions of our experiments, one can 
assume that nickel can interact, mainly, with oxygen 
“forming Ni-O bonds” and water vapor (Ni-H2O interac-
tion) “forming Ni(OH)2” (Table 1). The last interactions 
at (0001) CS of Ni InSe intercalates are impossible at 
room temperatures. 

Therefore, as it was shown by the decompositions of 
the reference peaks of nickel Ni 2p3/2, oxygen  1s, and 
carbon C 1s and by the analysis of the doublet peaks of 
selenium Se 3d5/2 + 3/2 and indium In 3d3/2 + 5/2,  we man-
aged to find out that nickel, which was in the interlayer 
gaps of Ni InSe (   0; 0.5; 0.75; 1.0; 2.0 wt. %) interca-
lates and, correspondingly, at the interlayer (0001) CS, 
does not interact with selenium and indium, as well as 
the interactions with oxygen and carbon are absent (see 
Fig. 3, Fig. 4, Fig. 5, and Table 1). Nickel is, to a greater 
extent, a finely dispersed phase of metal nickel clusters 
that  is  confirmed by the results  obtained by STM/STS 
and LEED methods presented in our work [13]. 

The results of the analysis of the binding energies of 
the reference peaks in the XPS spectra of (0001) CS of 
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Ni InSe intercalates and their interface Ni InSe ( , ) 
layers with the binding energies for chemical elements, 
which form them, presented in the available databases, 
when chemical elements In, Se, Ni enter different pos-
sible, for our case, compounds, are given in Table 1. 

The results of the work [4] indicate the features of 
the change in the magnetic susceptibility of Ni InSe LC 
intercalates intercalated with magnetic impurities of 3d 
nickel atoms located in the van der Waals gaps depend-
ing on their concentration. The quantitative character-
istics as for the nickel location at (0001) CS of Ni InSe 
intercalates can be obtained using the XPS experimental 
results by the pure standards method described in the 
works [10, 11, 14]. 

 
Table 1 – Results of the analysis of the reference peaks in the 
XPS spectra of (0001) CS of Ni InSe intercalates and their in-
terface layers 

 

 Reference 
peak 

Compound: 
electronic interactions and 

binding energy, eV 

(0001) CS  
of Ni InSe 

In 3d5/2 Ni InSe 444.00 
Se 3d5/2 53.70 

Ni 2p3/2 Ni InSe 857.30 (Ni-O) 
855.67 (Ni-H2O) 

C 1s Ni InSe 283.70 
O 1s1/2 Ni InSe 530.72 

 
3.2 Quantitative XPS of (0001) CS of Ni InSe inter-

calates by the pure standards method 
 
The pure standards method for the quantitative XPS 

is based on linear interpolation of the signal intensity of 
X-photoelectrons of a certain i

EI -th chemical element re-
garding its surface concentration in the studied object. 

 

 i
EI , (2) 

 
where  is the coefficient of linear interpolation. More 
precisely, this relationship can be written as 

 

 .
i
E h ionI k I , (3) 

 
where k is the instrument coefficient or instrument func-
tion; Ih  is the X-radiation intensity; ion  is the effective 
ionization cross-section of atoms of the i-th type by quanta 
with energy h ; .  is the electron free path (electron 
escape depth) for their elastic scattering;  is the surface 
concentration of atoms of the i-th type of the studied ma-
terial; Si is the relative elemental sensitivity of the given 
instrument to atoms of the i-th type. 

To calculate the relative surface concentrations of 
atoms of chemical elements, it is necessary to have the 
peak “intensities” i

EI  for the pure standards of chemical 
elements. That is, one should perform calibration of the 
spectrometer by using the standards – to determine the 
relative elemental sensitivities Si or sensitivity of the 
XPS method to different chemical elements. 

Si is the elemental sensitivity factor (the relative ele-
mental sensitivity) is obtained, when a certain element 
is normalized to the reference peaks by intensity or area 
under its reference peak. Normalization to the peak of 

chemical element fluorine F 1s, for which it is assumed 
that SF1s  1, is performed. 

Since the effective ionization cross-section of atoms 
of the i-th type by quanta with energy ion (h ) will be 
different for different elements, as well as the electron 
escape depth for their elastic scattering (without energy 
losses) . . In the general pure standards method 
for the calculation of the relative atomic concentrations 
of elements, it is assumed, according to the hypothesis 
(equation (2)), that 

 

 i iS C , (4) 
 

and the total relative atomic concentration in the studied 
material in relative units is equal to 

 

 
1

1
n

i
i

C . (5) 

 
The quantitative elemental analysis of the material 

surface by the XPS method in relative units (percentages) 
is carried out measuring the amplitudes of the reference 
XPS peaks of chemical elements in the spectra of photo-
electrons i

EI  or determining the area of these peaks in 
“the number of pulses per second in the energy interval 
of the reference peak – total energy half-height width of 
the peak”. Then, with respect to formula (4) 

 

 i
i

i

IC
S

, (6) 

 
where Si is the elemental sensitivity factor of the i-th 
element;  is the intensity of the XPS peak of the i-th 
chemical element. Taking into account (5), formula (6) 
can be rewritten as follows 

 

 

1

i i i i i
i n

i i i
i ii

I I S I SC
S C I

S

, (7) 

 
where n is the number of chemical elements registered 
in the XPS spectrum of the surface of the investigated 
material. The relative atomic concentrations Ci of che-
mical elements of (0001) CS of Ni InSe intercalates and 
in a thin interface layer of (0001) CS of Ni InSe with the 
presence of adsorbates are calculated using expression 
(7) and given in Table 2. 

i
EI  is the area under the peak, Si is the elemental 

sensitivity factor of the XPS method, which for the atoms 
registered in the interface layers is present in brackets 
for elements: Se (0.853), In (4.359), Ni (2.67), C (0.287), 
O (0.78). The peak area of elements is counted from the 
background line. The results of the quantitative analysis 
by the pure standards method using the XPS spectra for 
“pure” (0001) CS of Ni InSe and for (0001) CS** of inter-
calates of the adsorbates formed by the interface coating 
– Ni InSe( ), are given in Table 2. 

Thus, as seen from the results of the quantitative 
XPS analysis of the elemental composition of (0001) CS 
of Ni InSe intercalates (without taking into account the 
adsorbed oxygen and carbon) for all LC of intercalates 
with different nickel concentration (   0; 0.5; 0.75; 1.0; 
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2.0 wt. %) in the initial synthesized InSe + x wt. % of 
Ni (x  2.0%) alloys and the LC grown from them by the 
Bridgman-Stockbarger method and subjected intercala-
tion, the maximum nickel concentration at (0001) CS and, 
correspondingly, in the interlayer gaps in the amount up 
to 7.67 wt. % is observed at 0.75 wt. % of Ni in the syn-
thesized alloys. Similar restrictions on the entry of Ni to 
InSe LC during its growth were observed in [4]. 

 
4. TOPOGRAPHY AND CRYSTALLOGRAPHY 

OF (0001) CS OF Ni InSe INTERCALATES 
 
The topography of (0001) CS obtained ex situ by clea-

ving Ni InSe LC intercalates was studied by the STM 
method, and the atomic structure and crystallography – 
by the LEED method. 

The experiments with STM were conducted on the 
setup “Omicron NanoTechnology STM/AFM System”, in 
the construction of which there is a conducting tungsten 
tip of the diameter of 500 m. The STM studies of the 
topography of (0001) CS of pure InSe and intercalated 
InSe(Ni) crystals were done in UHV (2  10 – 10 torr) at 
295 K in the mode of direct tunneling current. A special 
software WSxM v.4.0 developed by Nanotec Electronica 
(Spain, http://www.nanotec.es) is used for the processing 
of the STM data. 

The experiments with LEED were carried out using 
vacuum module ErLEED 100 (Auger electron spectros-
copy (AES) and LEED) by SPECS Surface Nano Analysis 
(http://www.specs.de), assembled on the header flange, 
which joins the UHV chamber, whose vacuum is equal 
to 6  10 – 10 torr. The electron gun used in LEED with 

the cathode of LaB6 single crystal provided the current 
strength of  the  electron beam of  diameter  up to  1  mm 
in the (0001) CS plane of the sample up to 1 A at the 
accelerating voltage up to 200 V, which is sufficient to 
obtain bright diffraction reflexes. 

Using the surface-sensitive methods, such as STM 
and LEED, one can learn about both the two-dimensional 
structures and their parameters at CS, as well as their 
possible reconstruction, and also the nanostructures for-
med on them. 

The electron-energy structure of CS of pure InSe and 
Ni InS intercalates was studied by the STS method. 

The LEED studies started in ~60 min after cleaving 
ex situ and  were  carried  out  in  the  UHV  chamber  at  

  6  10 – 10 torr and 295 K. Before studies, InSe sam-
ples were briefly warmed-up in the UHV chamber up to 
200 °C in order to clean CS off adsorbed gases. A lumi-
nescent screen and recording with a digital video camera 
are used to visualize the LEED patterns. A special soft-
ware SAFIRE Diffraction Image Acquisition and Proces-
sing System for LEED and RHEED v.15.5.15 developed 
by SPECS Surface Nano Analysis GmbH is utilized for 
the LEED data processing. 

LEED images for reflection of (0001) CS of Ni InSe 
intercalates are illustrated in Fig. 6. LEED patterns for 
(0001) CS of Ni InSe, obtained at the bombarding elec-
tron energy in the range of E  10-200 eV, indicate the 
rhombohedral surface atomic structure and testify the 
structure perfection of InSe(Ni) (0001) CS in the mini-
mal regions of coherence of the diffracted electron beam 
of ~ 0.1-1 m. 

 
Table 2 – Quantitative analysis of (0001) CS of Ni InSe intercalates without and with** accounting adsorbed oxygen and carbon 

 

 Chemical  
element 

Binding  
energy, eV 

Half-height 
width of the 

peak, eV 

Area under the peak, 
i
EI  (pulses/sec) 

Elemental sensitivity 
factor Si,  
rel. units 

Atomic  
concentrations 

Ci, % 

CS
 In 3d5/2 443.39 2.695 143453 4.359 61.43 

Se 3d5/2 53.70 2.669 14110 0.853 30.87 
Ni 2p3/2 856.47 2.839 10983 2.670 7.67 

CS
**

 

In 3d5/2 443.39 2.695 143453 4.359 11.36 
Se 3d5/2+3/2 51.85 2.669 14110 0.853 5.68 

Ni 2p3/2 856.47 2.839 10983 2.670 1.42 
C 1s 283.70 3.593 48748 0.278 60.50 
O 1s 530.72 3.097 47514 0.780 21.01 

 

   
 

Fig. 6 – LEED images of (0001) CS of Ni InSe intercalates at different energies. a) 50 eV, b) 75 eV, c) 184.5 eV. In Fig.6a, arrows 
denote the vectors of the reciprocal surface lattice; in Fig. 6c, circles surround the reflexes of the nickel phase together with the 
“indexed” reflexes of (0001) CS of the third-order InSe 

http://www.nanotec.es/
http://www.specs.de/


 
THE STUDY OF SURFACES MICRO- AND NANOSTRUCTURE ON … J. NANO- ELECTRON. PHYS. 8, 01012 (2016) 
 

 
01012-7 

Clear reflexes of the 1-st, 2-nd, and 3-d orders are 
observed in the LEED patterns of (0001) CS of Ni InSe 
that was not always easily observed for the LEED pat-
terns of (0001) CS of pure InSe. This is associated with 
the highest surface conductivity of the Ni InSe samples, 
on the surface of which nickel clusters are present. For 
pure, non-intercalated InSe LC, as the STM/STS results 
confirm, the additional impurity jumping conductivity 
over the “Mott states” is absent; therefore, their surface 
under irradiation by an electron gun of the LEED mod-
ule is charged that leads to blurring of the LEED pat-
terns of (0001) CS of pure InSe. 

Change in the energy of low-energy electrons, which 
bombard the surface, and, thus, change in the length of 
the de Broglie electron wave and diffraction conditions 
and appearance of the interference reflexes leads to the 
change in the distances between the diffraction reflexes 
and their brightness (Fig. 6a, b). 

The above conditions allowed to observe the two-di-
mensional structural phase of crystalline nickel at the 
interlayer (0001) CS of Ni InSe (Fig. 6c). These reflexes 
for the two-dimensional nickel phase are surrounded by 
circles. Not all reflexes of the two-dimensional Ni phase 
with a “square” structure are observed on the lumines-
cent screen, since it is difficult to provide the conditions 
of coherence for the interference of diffracted de Broglie 
electron waves. Deformations and breaks of the indivi-
dual elementary layers of the LC with possible change 
of the - to - layer polytype, which we have observed in 
the work [15], take place at cleaving of InSe LC. 

With increasing energy of primary electrons, there 
is a decrease in the intensity of reflexes, as if they were 
the tops of one of the “triangles”, with simultaneous pre-
servation/amplification of intensity for reflexes, which 
form another “triangular” (Fig. 6a). 

These results, as well as those partially presented in 
our work [13], confirm that InSe crystals are character-
ized by a layered structure in the form of “sandwiches”, in 
which two inner layers of In atoms are located between 
two outer layers of Se atoms; orientation of these four 
sublayers is perpendicular to the c-axis (see Fig. 1a and 
Fig. 7 (at the left)). Bonds inside the “sandwich” are the 
covalent ones and much stronger than the van der Waals 
bonds between adjacent ”sandwiches”, and, thus, such LC 
as InSe are easily cleaved along the outer plane of the 
“sandwich”, which represented in our experiments the 
surface of the specified orientation – (0001)[16]. 

The values of the constants of the two-dimensional 
lattice, which has the rhombic structure in the plane of 
InSe (0001) CS, according to InSe crystallography (bulk 
rhombohedral lattice [9, 17, 18]) are equal a  b  4.0 Å 
and correspond to the values, which are typical for the 

 

 
 

Fig. 7 – Structure of the -InSe crystal (at the left) and view of 
(0001) CS of InSe (at the right) [19] 

bulk InSe crystal [9, 18, 19], that allows the entry of Ni 
atoms into the interlayer gap. The image of the atomic 
array in the two-dimensional InSe lattice and distances 
corresponding to the lattice constants are illustrated in 
Fig. 7 (at the right) [19]. 

That is, the crystal structure of InSe LC, where the 
distance between layers is equal to 3.08 Å [20], allows 
to assume that nickel forms the phase when enters the 
interlayer gap with intercalation – Ni InSe. Additional 
reflexes on the LEED patterns of (0001) CS of Ni InSe 
intercalates corresponding to the two-dimensional phase 
of metal nickel at the interlayer (0001) CS are well ob-
served for the energy of primary electrons of E ~ 170-
200 eV and are presented for the first time in our work 
[13]. The estimations of the two-dimensional lattice con-
stants for Ni at the interlayer (0001) CS by the LEED 
patterns are equal to a  3.4-3.5 Å. We remind that cry-
stalline metal nickel has a cubic lattice with constants 
of a  3.52 Å. The above considerations as for the order-
ing of Ni clusters into the two-dimensional metal phase 
at (0001) CS of Ni InSe intercalates are also confirmed 
by the results of the STM/STS studies. Calculation of the 
two-dimensional lattice constants a of  InSe  and  Ni  at  
(0001) CS of Ni InSe intercalates by the LEED results 
was carried out by the formula (8) with accounting the 
geometry of the LEED experiment. 

 

 2
sin 0,5123

a n
E

, (8) 

 
where E is the energy of incident electrons;  is  the  
angle of scattered electrons, which give the diffraction-
interference reflexes on the luminescent screen; n is the 
order of diffraction reflexes at the LEED pattern. 

We should remind that with increasing energy of ele-
ctrons incident on (0001) CS, the angle of scattered ele-
ctrons  decreases. So, on the LEED patterns obtained 
in the energy range of 10-200 eV with increasing energy 
of incident electrons, one can observe a decrease in the 
distances between the reflexes (movement of the reflexes 
to the LEED pattern center) with increasing number of 
visible diffraction reflexes – appearance within view of 
a luminescent screen of the diffraction reflexes of higher 
orders without changing the symmetry of the location of 
the diffraction reflexes. 

Theoretical model for the calculation of the surface 
lattice constants by the LEED patterns was proposed in 
the work [21], and its adequacy is confirmed in our works 
[22-24], in which the estimation of the two-dimensional 
lattice constants of (100) CS of In4Se3 LC by the LEED 
results has been performed. 

The study of the topography of (0001) CS of pure and 
intercalated with Ni InSe LC is conducted by the STM 
method and of the electron-energy structure and density 
of electronic surface states – by the STS method. 

The results of STM of InSe(Ni) (0001) CS (Fig. 8a, b) 
indicate the unreconstructed structure of the InSe(Ni) 
LC surface, which is similar to the surface of pure InSe 
LC and coated with clusters of intercalate (nickel) in the 
form of nanoscale spots. Application of the software 2D 
FFT filtering to these clusters, in order to detect perio-
dicity in the image (Fig. 8c), demonstrates the structure 
with a period close to 3.5 Å (Fig. 8d, e), which is typical 
for the two-dimensional surface lattice of metal nickel 
located at (0001) CS of Ni InSe intercalates. 
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Fig. 8 – Topography of (0001) CS of Ni InSe intercalates. ) 2D STM image of the part of CS with the size of 26  26 nm2 obtained 
in the mode of direct tunneling current of 103 pA and bias voltage of 4.6 V. b) Magnified fragment of the surface in the form of a 
rectangle  from the upper  left  angle  in  the image (a)  of  the  size  of  7.3   8.1 nm2. c) 2D FFT-filtered image of the fragment (b) of 
(0001) CS of Ni InSe intercalate and its profiling in two mutually perpendicular directions: d) profile of a periodic structure of 
(0001) CS along the corrugation ridge; e) profile of a periodic structure of (0001) CS perpendicular to the corrugation ridge 

 
Periodic distances along the profile (d) and profile (e) 

in Fig. 8 for better visualization are taken in both cases 
for ten periodicities, i.e. ten lattice constants 10   –
depicted periodicities (see profiles). The measured distan-
ces  are  written  between  markers,  and  for  Fig.  8d  the  
distance of 10   is equal to 3.41 nm and for Fig. 8e – 
3.48 nm; and in both cases they coincide well with the 
constant of two-dimensional nickel lattice in the inter-
layer gap of Ni InSe intercalate, i.e. at its (0001) CS. 
These values of the constants of two-dimensional square 
lattice   3.41 Å and 3.48 Å at (0001) CS of Ni InSe 
intercalate satisfactorily correspond to the cubic lattice 
constant of metal nickel, which is equal to 3.52 Å. 

Thus, the STM results also confirm: firstly, the nickel 
arrangement in the interlayer cleavage gap of Ni InSe 
intercalate; secondly, the absence of interactions of nickel 
atoms with indium and selenium ones and formation of 
own two-dimensional phase of metal nickel at (0001) CS 
of Ni InSe intercalate. 

Application of STS for obtaining the electron-energy 
structure of (0001) CS of Ni InSe intercalate and analy-
zing the density of electronic states at (0001) CS con-
firmed the presence of Ni at (0001) CS of Ni InSe inter-
calate in a free state unbounded with InSe (Fig. 9). 

The tunneling current between the tip and CS of the 
sample can be presented as [25] 

 

 t
0

I exp( ) ( ) ( )
eV

s tS N E N eV E dE , (9) 
 

where 2 2m , S is the tunneling interval,  is the 
tip work function, E is the electron energy with respect 
to the Fermi level; Ns(E) is the local density of surface 
electronic states of CS under the tip, and Nt  const at 
the end of the tip. 

 
 

Fig. 9 – Results of STS of (0001) CS of pure InSe (curve 1) and 
Ni InSe intercalate (curve 2) illustrated by differentiated and 
normalized curves (dI/dV)/(I/V), which represent the energy de-
pendences of the local density of surface electronic states Ns(E) 
and demonstrate the electron-energy structure of (0001) CS: VB 
– valence band; BG – band gap; CB – conduction band 

 
Curve dIt (V)/dV  (dI/dV)/(I/V) of the dependence as 

a function of bias voltage V is a function of energy 
(eV  E) and proportional to the local density of surface 
electronic states Ns(E) of (0001) CS [25]. According to 
equation (9) 

 
 / ( )t sdI dV N E . (10) 
 
Curves 1 and 2 (Fig. 9) are characteristic for different 

points chosen on the area of 50  50 nm2 of (0001) CS 
and are a result of their integration at the specified area. 
Curve 1 of the local density of surface electronic states 
of (0001) CS of InSe LC demonstrates typical (for pure 
InSe) band gap (BG) of the value of 1.4 eV. Curve 2 for 
(0001) CS of Ni InSe intercalates demonstrates the pre-
sence of the density of local states of pure InSe energet-
ically located in the BG due to the metal component (Ni) 
at the cleavage surface. 

Bias voltage, V 

CB VB BG 

<-1.4 eV-> 

(d
I/d

V
)/(

I/V
), 

re
l. 
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its
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According to the STS method [25], curve 2 is a diffe-
rentiated-normalized sum of the local densities of sur-
face states of (0001) CS of pure InSe and Ni InSe inter-
calate intercalated with Ni, where in the band of forbid-
den energies of InSe LC there are scattered Mott states 
with different depth of occurrence caused by unbounded 
with InSe Ni at (0001) CS of Ni InSe intercalate. 

 
5. CONCLUSIONS 

 
1. The intense peaks of chemical elements of the main 

InSe phases – the doublet peaks of selenium Se 3d5/2 + 3/2 
and indium In 3d3/2 + 5/2 and intercalating Ni impurities 
Ni 2p3/2 for Ni InSe intercalates – are revealed in the 
XPS spectra by XPS studies of (0001) CS of InSe LC and 
their Ni InSe intercalates. Moreover, it is established the 
presence at (0001) CS of O 1s, N 1s, C 1s peaks, which 
naturally appear due to the adsorption of the laboratory 
atmosphere gases N2, O2, CO2, CO, H2O, and CHx when 
cleaving crystals in air before displacement of the sam-
ples into the analytical spectrometer chamber. 

2. As the decompositions of the reference peaks of Ni 
Ni 2p3/2,  oxygen   1s,  carbon  C  1s  and  the  analysis  of  
the doublet peaks of selenium Se 3d5/2 + 3/2 and indium 
In 3d3/2 + 5/2 showed, nickel, which is located in the inter-
layer gaps of Ni InSe intercalates (   0; 0.5; 0.75; 1.0; 
2.0 wt. %) and, correspondingly, at the interlayer (0001) 
CS, does not interact with selenium, indium, interactions 
with oxygen and carbon are absent, and it represents, in 
a greater extent, a finely dispersed phase of metal nickel 
clusters in the interlayer gaps of Ni InSe. 

3. The relative atomic concentrations of chemical ele-
ments at (0001) CS of Ni InSe intercalates (   0; 0.5; 
0.75; 1.0; 2.0 wt. %) with and without taking into account 
adsorbed gases are calculated using the quantitative XPS 
technique by the pure standards method. 

4. It is established that for LC intercalates with diffe-
rent nickel concentration in the initial synthesized alloys 

InSe + x wt. % of Ni (x  2.0 %) and LC grown from them 
by the Bridgman-Stockbarger method and subjected inter-
calation, the maximum Ni concentration at (0001) CS of 
Ni InSe intercalates and, correspondingly, in the inter-
layer gaps in the amount up to 7.67 wt. % is observed 
for 0.75 wt. % of Ni in the alloys that confirms its shift 
into the interlayer gaps in the intercalation. 

5. In the LEED patterns of Ni InSe intercalates one 
observes clear reflexes of the 1st, 2nd and 3d orders, whose 
sequence of occurrence is synchronized with an increase 
in the energy of bombarding electrons. The above is not 
always observed for the LEED patterns of pure InSe and 
is caused by higher surface conductivity and structural 
stability of (0001) CS of Ni InSe intercalates. 

6. Appearance of additional LEED reflexes, which cor-
respond to the phase of metal Ni clusters at (0001) CS 
of Ni InSe intercalates, depends on the structural perfec-
tion of (0001) CS and, correspondingly, the energies of 
bombarding electrons and fulfillment of the conditions of 
coherence of electron diffraction and interference. 

7. The two-dimensional lattice constants of (0001) CS 
for both pure InSe and Ni InSe intercalates, calculated 
on the basis of the LEED images, correspond to the va-
lues typical for the InSe crystal volume of a  b  4.0 Å 
that indicates the structural stability of (0001) CS. 

8. The STM studies of (0001) CS of Ni InSe interca-
lates allow to conclude the absence of reconstruction in 
the structure of (0001) CS of Ni InSe LC as well as the 
surface of pure InSe LC. STM also confirms the presence 
in the interlayer gaps of the local areas of nickel with 
the surface lattice which corresponds to the projection on 
(0001) CS of Ni InSe intercalates of the cubic structure 
of metal nickel with the period of 3.5 Å. 

9. Based on the results of STS studies, it is establi-
shed the presence of the localized surface states in the 
BG of Ni InSe intercalates caused by metal Ni phase at 
their (0001) CS in contrast to pure InSe. 
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