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Scanning tunnelling microscopy/spectroscopy (STM/STS) data show that InSe
layered crystal intercalated with nickel is a heteronanosystem—InSe layer-
packet that alternates with nickel at fine dispersed phase in the interlayer
gap. For analysis of the degree of metallicity of cleavage surfaces, an array of
STS data obtained in the current imaging tunnelling spectroscopy (CITS)
mode is used. By significantly different behaviour of current—voltage curves
for metal and semiconductor at localized points of surface analysis on the
cleavage within the bias voltages that correspond to the band gap of the semi-
conductor, the method for the calculation of the relative metal concentration
on the cleavage surface is proposed. The constraints for this method of the
relative concentration estimates are analysed. As determined, the value of
the nickel relative concentration in the interlayer gap for the Ni, InSe sys-
tems can be up to 2%, taking into account features of obtaining of the cleav-
age surfaces in the layered crystals. To establish the structural characteris-
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tics of the nickel, the STM analysis with high spatial resolution is used fol-
lowed by the 2D FFT filtration and height profiling of image data. The analy-
sis of corresponding revealed periodicities allows revealing formation of the
two-dimensional square lattice of nickel on certain nanoscale areas of sur-
face.

Key words: scanning tunnelling microscopy and spectroscopy, current imag-
ing tunnelling spectroscopy, local density of states, layered crystals, metal
intercalation, heteronanostructures.

3a OIIOMOTOI0 METO[] CKaHyBaJILHOI TYHEJIbHOI MiKPOCKOMII Ta CIIEKTPOCKOIii
(CTM/CTC) BcTamoBI€HO, IO IIapyBaTuil Kpucrtaa InSe, iHTepKaIbOBaHUN Hi-
KJIeM, IPEeJICTaBJIsg€ COO0I0 reTePOHAHOCUCTEMY — Iap-maker InSe, Akuii uep-
TyeThCA 3 HiKJIeM, IO 3HAXOAUTHCA y ApibHOAUCIEpCHil (asi y Miskmaposii
urisimHi. [y1a aHa isu cTyneHsa «MeTaJIiYHOCTH » IIOBEPXHi CKOJIEHHA BUKOPUC-
taro macuB nanux CTC, omep:kanux y pesxumi CITS (current imaging tunnel-
ling spectroscopy). 3a icToTHO Pi3HOIO MOBEAIHKOIO BOJBT-aMIIEPHUX KPUBUX
IS MeTajJy Ta HaIliBIIPOBiZHWMKA B JIOKAJbHUX TOUKAX aHAJII3W HA IIOBEPXHI
BiIKOTY, Oflep:KaHUX Y OiAMAa30Hi HAIPyT 3MileHHA, AKi BiATTOBiZa0TH 3a60-
POHeHill 30HI HAIIiBIIPOBiZHWKA, 3aIIPOIIOHOBAHO METOAY OOpPaxyHKY BigHOC-
HUX KOHIIEHTpAIlili MeTaJly Ha IIOBEPXHi cKoJieHHdA. IIpoaHanrizoBaHO oOMe-
JKeHHA TaKol MEeTOAU OI[iHIOBaHHSA BiTHOCHMX KOHIleHTpaIliii. BcranoBieHo,
10 BeJIMUMHA BiJTHOCHOI KOHIIEHTPAIIil HiKJII0 ¥ MisKIITapoBii IiJIMHI AJId cuC-
tem Ni,JInSe moxke mocsaratu 6ausbKo 2%, BPaXOBYIOUM OCOOJMBOCTI ofep-
JKaHHSA TOBEPXOHb CKOJIEHHS /IS IIapyBaTOTo KpucTtanay. Jjd BCTaHOBIEHHSA
CTPYKTYPHUX XapaKTepuCTUK HikJio Bukopucrano CTM-aHanaisy 3 BUCOKOIO
IIPOCTOPOBOIO PO3AiABbYOI0 3HaTHICTIO 3 HacTynHOIO 2D-FFT-dinerparniero i Bu-
COTHUM IIPO(diIIOBAHHAM OfepP:KaHuX 300pakeHb. AHajisa BiAmOBiZHUX mepi-
OOUYHOCTEN YMOMKJIMBUJIA BUABUTH (HOPMYBAHHA ABOBUMipHOI KBaapaTHOI
I'paTHUI HiKJII0 HA OKPEeMUX HAHOMACIITA0OHUX NiJITHKAX IIOBEPXHi.

Karouori cioBa: cKkanyBajbHa TYHEJIbHA MiKPOCKOIIisA, CKAHYBaJbHA TyHEJb-
Ha CIIeKTPOCKOIIis, JIOKaJbHA T'YCTHHA CTaHiB, IIAPYBATUIN KPUCTAJ, IHTEPKA-
JISIis MeTaay, reTePOHAHOCTPYKTYPH.

C mOMOIIbI0 METOAOB CKAHUPYIONell TYHHEJIbHOM MHUKPOCKOIHUU U CIEeKTPO-
cxonuu (CTM/CTC) ycTaHOBIE€HO, UTO CJIOUCTHIA KpucTasaa InSe, nHTepKaIn-
POBaHHBIN HUKEJEM, ABJIAETCA I'eTePOHAHOCUCTEMOM — cJoi-makeToM InSe,
KOTODPHII UepeayeTcs ¢ HUKeJeM, HaXOAAIIUMCA B MeJKOAUCIEPCHOH (dase B
MesKaycaoeBoii menu. C 1epio aHainsa CTeIeHU «MeTaJJIMYHOCTHU» II0OBePX-
HOCTY CKAaJILIBAHUSA MCII0JIb30BaH MaccuB JaHHBIX CTC, momyueHHBIX B PEKU-
me CITS (current imaging tunnelling spectroscopy). Ilo cymiecrBenuo pas-
JIMYHOMY IIOBEJE€HUIO BOJbT-aMIIEPHBIX KPUBBIX [JIS METaJlJa W IIOJYIPOBOJ-
HUKAa B JOKAJbHBIX TOUKAX aHAJIN3a Ha ITIOBEPXHOCTHU CKAJBIBAHUA, MOJNYUEH-
HBIX B AUANAa30He HANPIKEHUH CMEIIeHWs, KOTOPble COOTBETCTBYIOT 3allpe-
IIEHHOM 30HE MOJIYIPOBOAHUKA, IPEAJOMKEH METOJ PacuéTa OTHOCUTEJIbHBIX
KOHIIEHTpAIlNi MeTaJjjia Ha IMTOBEPXHOCTH CKajJbIiBaHuA. [IpoaHaIM3MpPOBAHbBI
OrPaHUUYEHUSA TAKOTO METOJa OIeHKY OTHOCUTEJIbHBIX KOHIIEHTpaluii. ¥ycra-
HOBJIEHO, UTO BEJIMUMHA OTHOCUTEJIHHON KOHIIEHTPAIINY HUKEJJIA B MEXKIYCJIO-
eBoii miesau ajasa cucrem Ni InSe moker gocturars 0K00 2% , yIUTBIBAsI OCO-
0EHHOCTH IOJyUYEeHUS ITOBEPXHOCTEH CKaJbIBAHUSA AJIA CJIOUCTOTO KPUCTAJLIA.
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C 1mesbi0 YCTAHOBJIEHUS CTPYKTYPHBIX XapaKTEPUCTUK HUKEJS MCIIOJb30BaH
CTM-aHanu3 ¢ BBICOKMM IIPOCTPAHCTBEHHBIM DaspelleHVeM C IOCJIeIyIoIei
2D-FFT-punprpamnueii 1 BLICOTHLIM HPOPUIMPOBAHMEM IIOJYUYEHHBIX M300-
paskeHUi. AHAJIM3 COOTBETCTBYIOIINX TEPUOANUYHOCTEIH TO3BOIUJ YCTAHOBUTH
dopmMupoBaHUE ABYXMEPHOU KBaApPaTHOU DPEIIETKMN B OTJeJIbHBIX HaHOMAC-
mITabHBIX 00JIACTAX ITIOBEPXHOCTHU.

KaroueBslie cioBa: CKaHHUDPYOIIIad TyYyHHeJIbHAd MUKPOCKOIINA, CKAaHUPYIOII[asd
TYHHEJIbHaA CIIEKTPOCKOIINA, JIOKAJIbHAA IIJIOTHOCTBH COCTOHHHﬁ, CJIOUCTBIN
KpHucCTaJljl, THTePKaJAI A MeTaJljila, FeTEPOHaHOCTPDYKTYPHBI.

(Received June 18,2017 )

1.INTRODUCTION

One of the notable features for the semiconductor-layered crystals,
which include InSe, is the presence of Van der Waals interlayer gap,
allowed to introduce here the outer atoms such as, 3d-atoms of iron
group metals, including nickel, chromium by process of intercalation.
Thus, obtained hybrid InSe (Me) structures are a system of ‘flat’
nanostructures formed by magnetic impurities of 3d-metal atoms [1].
Hybrid metal-layered semiconductor nanosystems are attracting the
great interest considering their perspective to be the base of novel na-
nosize devices. The study of hybrid systems by scanning tunnelling mi-
croscopy/spectroscopy (STM/STS) methods is relevant in terms of
forming a microscopic basis for the creation of such nanoscale devices
[2]. The valuable nanoscale properties of Ni, InSe hybrid metal-semi-
conductor system studied in this paper are due to the relatively easy
way of its obtaining as self-assembling system. This paper aims at
analysis of nickel occurrences in the interlayer gap and the evaluation
of relative metal concentration in it.

2. EXPERIMENTAL

Ni, InSe layered intercalate crystals have been grown by Bridgman-—
Stockbarger method from previously synthesized melts InSe + x at.%
Ni (x £10%). The synthesis was carried out for three days at a temper-
ature below 960°C to prevent the formation of nickel selenides’ com-
pounds. The grown Ni InSe layered crystals were thermo-treated dur-
ing 60 hours for better thermodynamic equilibrium nickel intercala-
tion [3, 4]. STM/STS data were obtained by Omicron Nano Technology
STM/AFM System operating with UHV better than 107'° Torr at room
temperature. The nickel-intercalated samples were cleaved by stainless
tip in situ and just obtained (0001) surface plane was studied by
STM/STS.

The acquisition of STM data was conducted in the constant current
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mode. For STS studies, we used current imaging tunnelling spectros-
copy (CITS) mode. Free software WS&M v.4.0 from Nanotec Electroni-
ca[5] was used while analysing and processing of STM/STS data.

3. RESULTS AND DISCUSSION

The experimental research objects, such as InSe and their Ni,InSe in-
tercalates have the layered structure and their (0001) surface might be
just get easily by cleavage even in UHV. Since the crystals are easily
cleaved along the Van der Waals interlayer gaps, the STM/STS studies
in addition to the only surface properties, what is obvious, provide an
opportunity to consider what is in the bulk of crystal because we physi-
cally examine the contents of the interlayer gap. STS study in CITS
mode is often used for analysis of spatial and electronic variability of
layered semiconductors with presence of a large concentration of de-
fects and impurities [6]. CITS mode allows to obtain matrix of experi-
mental data, including, current—voltage (I-V) curves discretized over
bias voltage which are associated with local points (=1 A) of analysis on
the surface (6400 points). Thus, 6400 I-V curves over the studied area
have 1/80 X (size dimension) x 1/80 Y (size dimension) spatial distri-
bution (80x80 pixel matrix size). So, resolution is only affected by
choice of studied area size. Using I-V curves allows to evaluate the de-
tailed local surface electron energy structure, since dI/dV value as a
function of probing tip—(0001) sample surface bias voltage (dI/dV =
= f(V)) is proportional to the local density of states (LDOS). CITS-mode
also combines spectroscopy analysis with presentation of correspond-
ing STM images. The STM image is actually a reflection of the surface
density of states at local points and the probe tungsten tip one convolu-
tion at a certain value of bias voltage. However, it should be noted that
STM images obtained simultaneously during the STS data acquisition
have a significantly lower resolution, than ones acquired in STM mode
(400x400 pixel matrix size), but they allow to identify clearly the na-
ture metal or semiconductor one of the topographic inhomogeneities
presented on the appropriate STM image.

Figure 1, a shows three-dimensional (3D) STM image obtained as
described above during STS data acquisition. We intentionally applied
the derivative filter to STM image with the aim of amplifying of the
surface inhomogeneities’ visual representation. Figure 1, a shows the
relatively smooth selected area labelled as 1. The appropriate I-V and
normalized derivative dI/dV curves for this area are presented on
Figs. 1, b, c. They have the typical semiconductor nature with a band
gap value of 1.4 eV, which is characteristic for InSe crystal. Zero val-
ues of tunnelling current in the vicinity of zero bias voltage probing
the range between the top of valence band E, and the bottom of conduc-
tion band E, are related with lack of LDOS at the energy gap E, of semi-
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Fig.1. STM/STS study of Ni JInSe hybrid metal-semiconductor system: 3D
STM image with 10.2x10.2 nm? size obtained simultaneously in STS mode, 4.2
V bias, filter derivative (a). I-V and normalized derivative dI/dV curves ac-
quired from the selected area (1) on Fig. 1, a (b, ¢). I-V and normalized deriva-
tive dI/dV curves acquired from the selected area (2) on Fig. 1, a (d, ). I-V and
normalized derivative dI/dV curves acquired from the local Ni cluster (f, g).

conductor involved into the tunnelling process: at negative bias—from
the sample to the tip and vice versa at positive one.

However, another selected area on the surface labelled as 2, which is
not smooth, reveals somewhat different behaviour of these curves with
a nonzero value of tunnelling current within the range of bias corre-
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sponding to the energy gap of InSe (see Figs. 1, d, e). Observed changes
in curves’ behaviour in the vicinity of zero bias are influenced by sig-
nificant amount of localized states, which are due to Ni available on
selected area. The most revealing from the viewpoint of the presence of
localized states associated with Ni intercalate are data on Figs. 1, f, g,
that show I-V and normalized derivative dI/dV curves acquired locally
at a single point of analysis just over the metallic cluster. In this case,
branches of I-V curve on Fig. 1, f show almost linear dependence of
tunnelling current versus tip—sample voltage bias what is true for tun-
nel junction metal (probing tip)-metal (sample surface). Normalized
derivative dI/dV curve on Fig. 1, g shows high density of states in the
vicinity of Fermi level.

Thus, the use of STS for the analysis of metal intercalate availabil-
ity, determining its location on the surface of the cleavage and, conse-
quently, in the interlayer gap is based on significantly different behav-
iour of the current—voltage characteristics for the metal and the semi-
conductor in a range of bias voltages corresponding to the energy band
gap of semiconductor [7].

On the basis of above considerations, we have proposed a method for
estimating the presence of dispersed phase metal clusters on the sur-
face of the semiconductor due to intercalation process with the ability
to evaluate concentration of metal on the surface and spatial visualiza-
tion of the studied area. The presence of intercalated metal on the sur-
face can be easily detected by the availability of the tunnelling current
above a certain ‘background values’ that occurs in bias voltage range
that allows probing energy gap of semiconductor. The choice of ‘back-
ground values’ of tunnelling current due to AV bias corresponding to
the value of forbidden energy band, above which a given analysis local
point on the surface could be classified as ‘metallicity class’, can also
be affected by the quality of the cleavage surface. In particular, for
surface of layered crystals such as (0001) Ni InSe, the stairs obtained
after cleavage may also lead to the appearance of localized states in the
band gap of the semiconductor.

Figures 2, a, b show sets of I-V curves acquired at tungsten tip -
(0001) Ni, InSe surface system and their differentiated and normalized
representation (b) obtained by the CITS method for the array of 6400
analysis points spatially distributed on 10x10 nm? surface area. Circles
on the curves show discrete corresponding experimental values ob-
tained at, so-called, ramp points each biased by 0.035 V step. In fact, in
the analysis of experimental I-V curves’ array, we are dealing with
three-dimensional data matrix where each pair of columns’ values bias
voltage—tunnelling current is localized to a specific point on the sur-
face. Discreteness of these points in the sub nanoscale along the suc-
cessive scans on the surface depends on the size of the analysed area
selected for scanning with the standard number of counts, as men-
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Fig. 2. The typical sets of 6400 I-V (a) and normalized derivative dI/dV (b)
curves, respectively, acquired from 10x10 nm? size area of Ni InSe hybrid
metal-semiconductor system with bias values limited by 1.4 eV InSe energy
gap. Circles on the curves show discrete corresponding experimental values.

tioned above. Thus, for 10x10 nm? surface studied area of the sample,
each vectors’ pair of tunnelling current—bias voltage in the array of
local I-V experimental data is obtained with discreteness of 1.25 A.
This choice of the analysed area size helps to be ensured that the en-
tire spatial area is covered by the STS analysis, since it is known that
the point tunnel contact (current) probes area with diameter of = 1-2
A, in particular, sensing depends on the quality of tungsten tip that
finally determines its atomic resolution at a point of tunnel contact.
Therefore, the obtained ratio of the I-V curves ‘metal’ to ‘semiconduc-
tor’ ones in subnanoscale for (0001) Ni, InSe heteronanosystem allows
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to estimate the percentage concentration of nickel.

Such analysis can be easily carried out using the FREQUENCY func-
tion for statistics analysis build-in the spreadsheet dealing with two
parameters—data set and intervals (data set—part of experimental
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Fig.3. STM mode study of Ni,JInSe hybrid metal-semiconductor system:
25.7x25.7 nm? image acquired at +4.6 V bias, 103 pA constant tunnelling cur-
rent (a). 6.2x6.2 nm? zoomed in smooth area marked by white square on (a)
(b). Height profiles obtained respectively normally to and along the visible
periodicities on an image (e) (¢, d). 2D and 3D images obtained due to 2D FFT-
filtering of (b) with corresponding marked profile directions (e, f).
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data matrix with tunnelling currents within the voltage bias range
corresponding to the band gap of InSe (E, = 1.4 eV); intervals—Ilevel of
‘tunnelling current value background’ in band gap semiconductor bias
range, above which a given point of analysis includes to ‘metallicity
class’. For a small sample size of STS data from various 10x10 nm? are-
as on the surface, this value was averaged as =1% fluctuating in 0.8—
1.25% range for different ones.

Apparently, it is worth to analyse the correctness of received values of
relative nickel concentrations or, in generally, intercalated metal, on the
surface of the layered semiconductor crystal using our proposed method.

Nickel on the surface of the cleavage is really just only a ‘part of the
whole’ remaining and analysed by STS relative to the other, which is
removed in a result of cleavage. Therefore, the average estimate of
metal concentration may be doubled. As mentioned above, it is also an
important the selection of spatial probe step, which is due to the size of
the selected area of STS analysis, given the locality of =1-2 A of the
tunnelling current collection diameter. It is necessary for complete
overlapping of the studied area by STS analysis. Although, in this case,
nickel concentrations’ estimates obtained for many areas of STS analy-
sis and averaged over sufficiently large areas of the surface in na-
noscale can somewhat vary from those achieved by other methods such
as x-ray photoelectron spectroscopy, which ‘integrates’ experimental
data on a macroscale [1]. It is clear that the reliability of relative con-
centrations of nickel calculations on the surface also depends on the
thickness of its layer. In the case that dispersed metal phase does not
exceed height of nickel monolayer, the above evaluation method is val-
id, otherwise the further analysis is required. The crystal structure of
layered crystals InSe, where the distance between layers of 3.08 A [8],
that is comparable with the doubled atomic radius of nickel [9], sug-
gests that nickel clusters are distributed on the surface with the height
that does not exceed a monolayer.

With these reservations, it could be concluded that the proposed
model is appropriate for calculating of the relative concentrations of
dispersed metal phase on the (0001) surface of Ni,JInSe heteronanosys-
tem and their like ones on the base of the density of surface electronic
states STS study.

However, besides the presence of metal intercalate on the surface, it
is also important to establish ones structural characteristics. This can
be applied using a separate STM study with a high resolution as men-
tioned above for areas on the surface previously classified using STS as
coated by metal. Figure 3 shows STM results obtained on smooth stud-
ied area marked by white square on (a) filtered by 2D Fast Fourier
Transform (FTT) conversion (e) that allowed to recognize distinct two-
dimensional surface structure characterized by surface square lattice
with vectors roughly equal to 3.5 A derived from the subsequent pro-
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files (¢, d). Figure 3, f shows corresponding 3D presentation of filtered
image. Such a lattice, cubic close packed one with appropriate lattice
parameters’ values, as known, is inherent to nickel [9]. Thus, in a re-
sult of STM study, we were able to establish that nickel forms its own
phase being introduced into the interlayer gap in a result of InSe crys-
tal intercalation.

4. CONCLUSIONS

The results of STS/STM studies established the presence of localized
surface states in electron-energy structure of the (0001) cleavage sur-
face of Ni,InSe heteronanosystem due to fine phase of nickel metal
clusters distributed in the interlayer gap of InSe layered crystal.

We have proposed model for calculation of relative concentrations of
dispersed metal phase on the (0001) surface of Ni, InSe and the like ones
intercalated metal-layered semiconductor based on acquired experi-
mental STS data on the localization of density of surface electronic states.

The averaged (in the nanoscale size) estimate of the metallicity de-
gree of (0001) cleavage surface of InSe layered semiconductor crystal
intercalated by nickel might be carried out at approximately 2% level,
given the fact that such surface is obtained in a result of cleavage.
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