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Time-independent Schroedinger equation solution in paraxial approximation is obtained
for de Broglie wave of electron. The solution results in exact ratios for spatial resolution
of scanning tunneling microscopy (STM) of nanoobjects on a metal substrate. STM experi-
ments on semiconductor and metal carbon nanotubes were performed in order to check the
theoretical approach. The spatial resolution of the experiments reached 0.06 nm. Hexago-
nal structure on the semiconductor nanotube surface was registered. Relatively lower
spatial resolution for the metal carbon nanotubes which is also different along and across
nanotubes was registered and explained in frames of the proposed theoretical modeling. A
basic ratio for STM spatial resolution for the arbitrary nanoobject was derived as a result
of the approach.
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Pemtenne cranmmomaproro ypasumenus Illpegurrepa B mapakcHaJbHOM IPUOJIMIKEHUU IIO-
JydyeHo nJjA ge-BpoiineBckoil BoJHBI djeKTpoHA. COOTHOIIEHNE MMO3BOJAET MOJYUYUTH TOUHOE
pelleHre A IIPOCTPAHCTBEHHOTO PAa3peIlleHusl CKAHUPYIOIIeH TYHHEJIbHOM MHKPOCKOIINHN
(CTM) npm uaMepeHMM HAHOOO'BEKTOB HA MeTaJIndecKoil mosepxHoctu. IIposemensr CTM
JKCIIEPUMEHTHl C METAJIMYECKHMU U IIOJYIPOBOSHUKOBBIMHU YIVIEPOLHBIMU HAHOTPYOKAMU
IJIA TIOATBEPIKIEHUS TEOPETHUEeCKOM Momaenu. [IpocTpaHCTBEeHHOE paspelleHne IpU H3Mepe-
Huax gocturano 0.06 um. MsmepeHa rekcaroHajJbHas CTPYKTypa IIOBEPXHOCTH IIOJYIIPOBO-
HUKOBOU HaHOoTPyOKu. IlosyueHo cpaBHuTeNbHO 0oJiee HU3KOE IIPOCTPAHCTBEHHOE paspelle-
HUEe I8 MeTAJJINUECKON YriiepOAHOM HAHOTPYOKH pasiudarolleecs B HAIIPABIEHUAX BIOJb U
nonepek HAHOTPYOKu. IdderT Obla 00bSCHEH B paMKax TeopeTHUecKoll mogenu. Kax pe-
3yJBTAT JAaHHOI'O TEOPETUYECKOro IIOAX0La OBLIO BBIBEIEHO Oa3UCHOE COOTHOIIEHUE IIPO-
crpancrBernHoro paspemienus CTM aad mpousBOJBLHOrO HaHOOOBEKTA.

IIpocropora po3ninpHa 37aTHiCTH CKaHYIOUOI TyHeabHOI Mikpockomii. T.Posysar, JI.I1o-
nepenro, H.Ilatikesuy, C.Posyean.

Pimennsa cramionapuoro piBuanas Illpexinrepa y mapakciaapHOMY HaOJMIMKEHHI oTprMa-
HO nasa me-BpoiiniBecbkol xBuiai enektTpoHy. CHiBBiZHOIIEHHS TO3BOJSE OTPUMYBATU TOUHE
pillleHHs AJd IPOCTOPOBOrO POBIOLINTY CKaHyouol TyHeabHOI MiKpockouii (CTM) upu Bumi-
pax HaHOOG’eKTiB Ha MeraJesill nmosepxHi. ITposegeno CTM excuepuMeHTH ¢ MeTaJeBUMU Ta
HAMNIBIIPOBiIHMKOBUMM BYIJIEIEBUMU HAHOTPYOKaMHU [IJfA IIiATBEP:KIEHHS TEOPETUUYHOI MO-
neni. IIpocTopoBa pospinpHa sgarHicTs npy BuMipax gpocdarasaa 0.06 um. Bumipszo rekcaro-
HaJbHY CTPYKTYPY IIOBePXHI HamiBnpoBigHMKOBOI HaHOTPY6KM. OTpHMMAaHO MOPIBHAHO GLlabII
HHUB3bKY IIPOCTOPOBY POSAINIBHY B3IATHICTHL [IJA MeTaJeBOl ByrJelleBOI HAHOTPYOKM, SAKa
pO3pisHANACE Y IIOB3JOBXKHOMY Ta IIOIEPEUYHOMY HANPAMEKAX. E(eKT HmodACHEeHO y paMKax
TeoperuuHoi Mogesi. SIK pesyabTaT MAHOrO TEOPETHUYHOIrO IIiAXOAy OTPMUMAHO OasucHe
cuisBigHomenHs npocToposoro posnoainy CTM mida noBiibHOr0 HAHOOG e€KTY.
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1. Introduction

Discovery of carbon nanoctubes, the cylin-
drical carbon molecules with outstanding
mechanical and transport properties, has
been considered of great interest and value
by scientific communities worldwide. Carb-
on nanotubes possess unique properties
which make them the ultimate carbon fiber
and make them arguably the most irreplace-
able basic building element for nanodevices.
During the making of nanodevice for the
contact to nanotube (e.g. by depositing it on
a metal substrate) the key moment is the
physical processes which happen in the thin
nanotube-substrate interface layer which in-
cludes the electrical current in semiconduc-
tor and metal nanotubes. The formation of
Schottky or p-n semiconductors junctions
buildup on the nanotubes basis serve as an
example of the complexity of the nanotubes
and their qualities. The junctions can ap-
pear either on contact of nanotube-substrate
or between the nanotubes with different
conductivities. In previous works the single-
walled nanotube can be either semicon-
ducting or metallic depending on its diame-
ter and helicity [1]. Introduction of penta-
gon-heptagon pair defects into the
hexagonal network of a single carbon nano-
tube which can change the helicity of the
tube and form the nanoscale metal/semicon-
ductor or p-n type of junctions [2]. Metal-
to-semiconductor transition can occur while
squashing the nanotubes [3], during the
variation of the magnetic flux [4] or by
intercalating of alkali atoms which can
transform a metallic single walled carbon
nanotube into a semiconductor tube with
different band gaps [5]. The latter work
demonstrates influence of point defects onto
the carbon nanotube band structure. Simi-
larly other type of crystal lattice defects
(angular perturbations) may induce the
metal-semiconductor transition [6]. Geome-
try of the contact nanotube substrate (nano-
tube (crosshatched) side contacted by the
metal by van der Waals adhesion or nano-
tube end bonded to the metal by covalent
metallic bonding) may result in different type
of the nanotube-substrate contacts [7]. Simi-
larly electronic and transport properties of
the metal-semiconducting carbon nanotubes
interfaces are the functions of the nanotube
length and influence the parameters of the
Schottky barrier formation at the interface [8].

Scanning tunneling microscopy (STM)
since its introduction [9] has proved to be a
functional tool for carbon molecules charac-
terization. STM studies on samples with dif-

366

ferent conductivity and band structure re-
vealed important features of the technique.
STM images were found to be dominated
rather by electronic structure effects than
the sample surface geometry [10]. By study-
ing tunneling across a thin insulator film
the STM picture depends on the tunneling
current which can either enter the insulator
conducting band or will not depending on
the voltages between the needle tip and the
surface sample [11]. The tunneling micros-
copy was found to be sensitive rather to
spatially distributed density of electronic
states in the crystal lattice. E.g. for [001]
oriented fcec Fe—-Ni alloy the atoms in the
surface layer can be distinguished in the
STM image as brighter spots comparing to
darker nickel atoms [12]. The STM studies
of fullerene nanocrystals, composed of only
C60, only C70, or mixture of the both
fullerenes, resulted in the low spatial reso-
lution STM images which reveal the spatial
distribution of the electronic density origi-
nating from the fullerenes molecular orbi-
tals but not the carbon atoms [13]. The STM
studies on conducting surfaces revealed the
patterns resulted from dangling bonds. The
surface states are experimentally detected-
STM induced light emission detected silicon
dangling bonds on hydrogen-terminated
Si(001) surfaces which has been mapped spa-
tially and analyzed spectroscopically [14]. Ex-
periments revealed that atoms on the Au(100)-
surface can form specific patterns including
ribbon-like reconstructed domains in order to
circumnavigate surface defects [15].

The goal of this article is to study metal
and carbon nanotubes by means of scanning
tunneling microscopy with high spatial
resolution. Microscopy resolution of the
STM is planned to be studied in details in
order to analyze the obtained data.

2. Equations

Scanning tunneling microscopy allows
conducting measurements with atomic spa-
tial resolution and registering the atomic
structure of studied sample by measuring
the tunneling current of electrons propagat-
ing from the sample to the tip of a sharp
needle. Accuracy of coordinate registering
(Ax, Ay) depends on the uncertainty princi-
ple for the de Broglie electrons waves and
can reach numbers of a few angstroms in
the experiments. At the same time the tip
of the needle is located on the distance of
tens nanometers from the sample surface.
As a result we can use paraxial wave ap-
proximation when dependence of the wave
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Fig. 1. Scanning tunneling microscopy of metal (a, b) and semiconductor (¢) nanotubes in transver-
sal (a) and longitudinal (b) crossections. S — substrate, CN — carbon nanotube, N — needle of the
microscope. Dark-grey rectangle — electrical contact zone of nanotube-substrate. Light-grey area —
de Broglie wave of electron in paraxial approximation, dashed lines indicate the de Broglie wave in

tunneling.

function is much less rapid than its perpen-
dicular to the sample surface its Z axis de-
pendence.

In order to observe this we will take the
time-independent Schroedinger equation for
the de Broglie wave of electron in space:

Ho(x,y,2) = E@(x,y,2). 1)

It can be derived from the wave equation
for the electron wave

2
W (x.y,2,8) w(gég,z,t) + V2Ay(x,y,2,t) = 0 (2)

in approximation y(x,y,z,t) = @(x,y,2)Q,(%),
here @,(#) = exp(int). Velocity V and propaga-
tion vector k are connected with the ratio:
k= w/V. Eg. (2) solution as a point source
wave in the paraxial approximation (x, y < 2) when
r=\xZ+y2 +22 = 2(1 + (x2 + y2)/222)
(with expansion of the first order of power
(x2 + y2)/222) can be written:

o(x,y,2) = exp(—.ikr)z/r :2 (3)
exp(—ikz)exp(%).

In order to remove singularity in Eq. (3)
(z=0) we can use Eq. (8) invariance with
the respect to translation of the coordinate
along Z (in our case on imaginary number
im):

N =

(P(X,y,z) = (4)
. 2 2
~ 1. exp(—ik(z + im))ex{w}

z+im 2(z + im)
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Splitting real and imaginary part of the
wave function in Eq. (4) we can receive the
following relationships:

0(x,y,2) =
) ik 2 + 2
=~ (1/\/22 + m2)exp(zarctan(z/m))ex %
exp(km(x? + y2)/ 2(22 + m2)), (%)

0 = arctan(z/m) can be interpreted as an
angle of the expansion of the de Broglie
wave or the opening angle which forms the
cone. The angle forms the cone which limits
the part of the space where the wave is
propagating. Solution (4) is the wave Gauss-
ian amplitude profile [16] with minimum
beam radius ry (at z = 0):

ro=\2m/k. (6)

Eq. (6) can be obtained from Eq. (5) at z = 0.
High spatial resolution (Ax, Ay) of the tun-
neling microscopy is based on equations for
propagation of vector projections:

AxAk, 2 m,AyAk, > T (7

In order to receive Eq. (7) for the solu-
tion of Eq. (5) we have to find the propaga-
tion vector projection on z axis. We can do
it by calculating the partial derivative of all
Eqg. (5) exponential functions imaginary ar-
guments with respect to z:

k- d(arctan(z/m)) _ p_o_ M (8)

k .
z 0z m2 + z2
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Fig. 2. Scanning tunneling microscopy of semiconductor (a) and metal (b,c) nanotube. Spatial

resolution is 0.06 nm.

Taking into account the ratio between
propagation vector and propagation vector
projections

(k)? + (k)% + (k)% = ()2 (9

We can receive from Egs. (6), (8) the re-
lationships for the propagation vector pro-
jections on x and y axes at z = 0:

kyro = kyro = V2. (10)

Practically Eq. (10) is detailed presenta-
tion of Eq. (7) (ro=Ax/2) for wave func-
tions with the Gaussian amplitude profile.
Comparing Egs. (6) and (7) we can deter-
mine the value of spatial resolution of the
scanning tunneling microscopy as the dou-
ble minimum radius of the Gaussian ampli-
tude profile of the de Broglie wave r.

We can obtain the basic ratio for the
scanning tunneling microscopy spatial reso-
lution using the presented approach. From
"raw” geometrical point of view the angle
0=1/2D. D is the nanotube diameter, I —
size of the nanotube-substrate electrical
contact (horizontal dimension of dark grey
rectangles in Fig. 1). Taking into account
Eq. (6) we can receive the ratio for spatial
resolution:

o = 422, (11)
ml

here A is the de Broglie wave wavelength.
Eq. (11) can be expanded for any conducting
nanoobject (e.g. nanoparticle or fullerene)
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having D diameter on the substrate with
comparable electrical conductivity.
Schematic propagation of electrons in the
tunneling microscope is presented in Fig. 1
for the case when carbon nanotube being
scanned. We can see in the figure longitudi-
nal and transverse sections of the carbon
nanotube. From geometrical point of view
the spatial confinement of nanotube-sub-
strate electrical contact (dark grey bonds in
the picture) results in smaller convergence
angle ¢ of the de Broglie wave and as a
result taking into account Eq. (5) to large
values of the spatial resolution (Ax , Ay).

3. Experimental

For experimental confirmation the pre-
sented theoretical model we conducted scan-
ning tunneling microscopy experiments of
the carbon nanotubes deposited on a pol-
ished copper substrate. The sample was fab-
ricated by drying a drop of water which
contained the carbon nanotubes on a copper
surface.

Microscope INTEGRA NT-MDT allowed
conducting measurements in the scanning
tunneling microscopy regime and it was
used for precise surface topology study. The
scanning tunneling microscopy spatial reso-
lution reached up to 0.06 nanometer. The
experiments were performed in the meas-
urements regime with a constant tunneling
current (and a constant distance of needle
tip- sample surface) so we could obtain the
direct surface profiles.
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We can see in Fig. 2a results of the STM
measurements of semiconductor carbon
nanotube (left) and the metal nanotube
(right) with a few nanometers diameters.
The experiments were performed with the
space spatial resolution of 0.06 nm. This
value is the maximum possible spatial reso-
lution for the semiconductor nanotube, con-
sidering the distinct difference in electrical
conductivity and wvalues for the nanotube
and the substrate results in electron tunnel-
ing from the contact nanotube-substrate
volume. Electrons propagate through the
nanotube as the de Broglie waves through the
potential barrier due to quantum tunneling.
In Fig. 2 we can distinguish the semiconduc-
tor nanotube surface hexagonal structure and
the substrate lattice ordered structure.

The substrate and nanotube areas have
similar brightness which proves that elec-
trons were tunneled from the electrical con-
tact of substrate-nanotube (pixel brightness
in the presented figures is proportional to Z
coordinate of the surface spot just beneath
the needle tip). The artifacts on the edges
of the nanotubes [17] are absent perhaps
due to relatively small nanotube diameter.
The results of the scanning tunneling mi-
croscopy for metal nanotubes with different
diameters are presented in Fig. 2. We can
see increased brightness of the spatial
structure in the nanotube area in the figure
which proves the electrons were tunneled
from the upper part of the metal nanotube.
The structures in the nanotube area have
distinctly lower spatial resolution compar-
ing to the Fig. 2 results. The nanotube
structure in Fig. 2c¢ is inhomogeneous that
mean we can see small spots of ordered lat-
tice in the nanotube zone. It is the result of
the relatively small nanotube diameter and
the result relatively narrow spatial poten-
tial barrier. The electrons are tunneled
either form the upper nanotube side or from
the substrate. The transversal horizontal
pattern in Fig. 2a nanotubes (especially in
Fig. 2 case) indicates the higher spatial
resolution along the nanotube in agreement
with Fig. 1 scheme.

4. Conclusions

The wave function with the Gaussian am-
plitude profile can be obtained for the time-
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independent Schroedinger equation for the
de Broglie wave of electron in the paraxial
approximation. The minimum beam radius
of the wave function determines the spatial
resolution of the scanning tunneling micros-
copy experiments. The propagation vector
projections on axes are related with the
minimum beam radius value forming the
uncertainty principle basic ratio. The ex-
periments on the metal and semiconductor
carbon nanotubes reveal drastic difference
in the scanning tunneling experiments spa-
tial resolution. The former results show dif-
ference in the spatial resolution along and
across the nanotube direction. Basic ratio
for the spatial resolution for the conducting
nanotube or arbitrary nanoobject on the
metal substrate was derived as a result of
the approach.
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