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Electronic spectra in functionalizing semicondugtzarbon nanotube (CNT) are researched theoreti-
cally. The soft degrees of freedom are considerdtie molecular system: radial deformation, midfg-
locations, and conformation. For each model thdcsalsistent system of equations is derived. A msyste
describes a charge carrier longitudinal quantizatim CNT, interaction of a carrier in CNT and malec
lar electric dipoles, material equations for a sdéigree of freedom and its reconstruction. It isva that
the functionalization reconstructs the CNT elecitaspectra and creates different conditions of laza
tion or tunneling for holes and electrons.

was reduced to the spectral problem for a
INTRODUCTION nonlinear Schrodinger equation. The shift of the

Carbon nanotubes (CNTs) are nanomaterials charge-carrier energy levels was calculated.
with a small diameter of about 1 nm, length of Possibility of carrier localization was shown.
about 1um and the mean free path of the charge The aim of this research is to develop
carriers that exceeds u@n [1] which is theoretical approach to the CNTs spectra tuning
important for quantization along CNT axis [2]. as a result of functionalization. The selfconsisten
The optical properties and conductance of a system of equations will be derived; it includés (i
nanoobject are determined by the set of quantum the time-independent Schrodinger equation for a
energy levels of its charge carriers [3] what has charge carrier in a semiconductor CNT; (ii)
been observed for CNTs [4]. Functionalization is nonlinear equation for the molecular structure;
new powerful method for tuning CNTs quantum (iii) the material equations for interaction of an
energy levels and a set of their physical propertie extra carrier in CNT and molecular electric
[5]. The CNTs novel high-sensitive biosensors, dipoles subsystem.
electronic and optoelectronic devices are created
due to functionalization. Chips based on CNTs MODEL OF THE SYSTEM
and DNA [6] or surface self-organizing organic
structures [7] are discussed.

Theory of energy spectra tuning in the
semiconductor CNTs as the result of
functionalization by enough thick molecular films h? .
were developed by the authors in [8, 9]. The Ag+U (Mg =Wy. @
spectrum is extremely sensitive to the state of the
molecular subsystem. We considered the effect of Here ¢ =y (r),m and I are wave function,
the interaction of the uncompensated charge
carried by an electron or hole in a quantum
nanowire with the neighboring medium that has
low mechanical rigidity and consists of molecules L o . o
possessing an intrinsic electric-dipole moment. ApPFOXIm?.'[IOI’l of |nf|n|t—e depf[h yvell is applied:
The nonlinear nonlocal equations describing the Y (M =U,(") where U,(r)=0 inside CNT and
system were derived. Longitudinal quantization U,(F)=w outside one. Accounting the interaction

The time-independent Schrodinger equation
for an extra charge carrier in an intrinsic-
semiconductor nanotube can be written as [3, 10]

f

effective mass and the radius vector of the
particle, A is the Laplace operatow is the total
energy, U(f) is the potential energy.
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with the surrounding mediumuy _(r) the
potential is given by relation

U(r) =uU,)+U (). (2)

This interaction can be relatively strong if
functionalizing molecules have an intrinsic
dipole momentd. Summing the contributions
from all the dipoles, one can get the
interaction potential energy,, =ep within the

a
nanotube by integration in respect to external ﬂ {} {}
spacer'. Heree is the carrier charge. In turn, \b\/ e
a charge carrier determines the potential of the —

interaction with an individual dipole.
Approximations of a long nanowire, relatively,

thin layer and cylindrical coordinates /\\
(@) =wXw,(y,2), x is the coordinate along A
the wire) allow to reduce the integral = o
contributions to those of a local nature [8, 9]. b
The potential energy of the interaction of a 40 ‘\\_\
charge carrier with the dipole subsystem is W, I T .

U =—-4myde(R- 1) » -4, de  (3) 20
Herens, is the surface density of the molecules in 0r
the limit case of the thin functionalizing layer. 220

The local value of the radial field strength is 0 “10 20
replaced with a value for an infinitely long wire

taking the local value of the wave function c 9
d - 2rd Fig. 1. (a) Cylindrical CNT with adsorbed polar mole-
Uint(x) =-Ed= i cules. Arrows indicate direction of electric po-
er larization vector.lf) and €) form of the carrie
wave function, molecular layer and renormal-
r(¥=dy(3f E; E =jt](/ (v, 2f dyd (4) ized energy of levelsV, at different nonline:

interactiongL according to [8, 9]

Herez(x) is the local linear charge density anid _ _ ,

the relative permittivity of the medium. The With accounting of relations (4) and (3),
positive direction of a dipole momentd Eq._(l) can be rewritten to d(_escrlbe the 1D
coincides with the direction towards the center of ][nlcl)tlon of the charge carriers in the CNT as
CNT (see Fig.a). The set (1)-(4) is to be ollows

. , . s

completed W|tr1the mafei|al equations _anef 0 g;EX) U =W(y. ()
n(r’) =n(E(T). (5)

Here n(f') is the volume number density of SOFT RADIAL DEGREE OF FREEDOM

the molecules. The effect of the charge-carrier The soft molecular layer consisting of a liquid

field is the strongest in the case when the crystal or other adsorbed molecules with intrinsic
molecules possess an intrinsic electric-dipole electric dipole moment was considered in [8, 9].
momentd. The electric-dipole moment in the The longitudinal quantization of a charge carrier
organic molecules exists due to the presence is reduced to the spectral problem for nonlinear
of atomic groups that break the charge Schrodinger equation. The selfconsistent solution
symmetry [7, 11]. of the spectral problem is obtained in terms of
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elliptic functions. Features of behavior of the

system are following: the higher interaction, the

more nonlinearity; the lowest quantum levels feel
the most nonlinearity; the effect should be more
pronounced for heavier holes; under increasing of
interaction the carriers are localized (see
Fig. 1b,0).

MISFIT DISLOCATIONS

Hamiltonian of molecular chain on a
substrate in continual approximation is [12]

U.(@x0) = Uyl1-cosp & ))]; @ ,trz”“T(“) ™

where g is effective phasey is the displacement

of a molecule from the equilibrium position in the
layer. Then continual equation of motion has
integralE

a [

(¢)* =A—22(E—COS¢)): Ao = )

: 2\ U,

Here a,, is the molecular lattice constadg is
characteristic length ane is elastic constant in
the molecular layer. AE>1 continual equation
has periodic solution

X=X,
kA

m

wost)e e k)65 @

Here sn(¢&, k) is Jakobi elliptic function with

elliptic module k, defined by relation [12]:
k2 =2/(E+1); 0< k,< 1 The period ofsn¢, k)
in dependence orf is 4K(k ). K(k,) is full
elliptic integral of the first kind. The space peti
onx[12]in (9) is
I, =4k KK, - (10)

The periodic misfit dislocations (9) arise in
the molecular layer. Regions of local extension
(kink, o =+1) or constriction (antikinkg =-1)
exist. Then deviation of concentration and the
potentialy® (3) are

ou
ong(x) = nso& i, K.
0

_Nya, o X

d :
iro

+Un (9; Uy () =-4mded g (3. (12)

k), (11)

U (X) = Unt

int
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Accounting to relatively large size and
complicated construction of organic molecules,
creating of partial dislocations is very probable.

Renormalization of substrate interaction.
Material equation for renormalized interaction of
the molecular layer with substrate has to account
simultaneously the effect of the substrateand

carrier charge fieldu? (4) potentials. The

amplitude of the substrate potential can be found
as  U,(n=Ugr)-Ur)/2 through the

interaction  potentials in  incommensurate
fragments U_(r,,x) and commensurate ones

U, (r,.X)

Uy > Uge(rpX) =U =9G4 [¢ (X) < Uy

_r 1 1
T k(1) k(ro)

The potential near the equilibrium radigs
depends on the rigidity k (r)=9%U,(r)/dr?.
Commensurate fragments are more rigid
k..(,) > ky(r,) - Substitution of (13) into (7) gives
the Frenkel-Kontorova potential renormalized by
a carrier electric field. The terms|y (x)f are
compensated. According to (10, 8)
le ~Ae ~1/ <U,l Due to

0" xE
nonlinearity of a molecule-substrate interaction,
one has more rigid repulsion and more soft
attraction.

def; ..
er?’

oG (13)

X[

OEUOE > x"

Superlattice potential of the misfit
dislocations. Let us consider an action of the
functionalizing layer on a carrier inside CNT. In
this case the Schrodinger equation (6) can be
rewritten with the potential
U(X) =U, (¥ +UL(Y+U?(x. The initial potential
equals insiddJy(x) = 0 and outsidéJy(x) = of
interval -L < x < +L. The potentialy® is given

by relation (3) and is responsible for a
homogeneous shift of the quantum well bottom.
The potentialu®(x) is given by relations (11, 12)

and is responsible for creation of a superlattice
structure in the case of a periodic dislocation
arrangement. The inequalitiel << _<<L have

to be satisfied. Band structure modulation of
semiconducting CNT &>0 andod > 0 is shown
in Fig. 2. The valence band top has narrow peaks.
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Fig. 2. The band structure of semiconducting ¢ n

modulated according to (12) &>0 andod>0.
Quantum levels of electrons in conducti X
band (C) and holes in a valent band (V)
shown. The molecular layer creates opfgosi
conditions for localization or tunneling of 1
carrier on a superlattice of misfit dislocations

c

Fig. 3. Form of the conducting band bottora) Homo-
geneous misfit dislocation distribution alc
CNT as in Fig. 2.1f) The first stage of theisfit
dislocation rearrangement in the electron f
(c) Hole localization about a peak of vale
band top

Selfconsistence. Misfit dislocation
rearrangement. Let's consider a turn action of a
carrier in CNT on the molecular layer. After
substitution of (13) into (7) we obtain the
renormalized Frenkel-Kontorova potential. A To estimate a carrier potential change due to
carrier attracts (repulses) the molecular layet tha e molecules we use parameters from [9, 11, 12].
leads to the coherent regions widening and the prom (3) the bottom level of the quantum well in
characteristic length (8) takes form CNT with functionalizing molecular layer is

U2 |~ (1= 10eV and the barrier height is

2 [ 2k o oG, | (X - ©
/]OE(X)zza_ﬂ UOEIEX) NV%D—"'%()F]- (14) U 0 1-Ug a4, ~ (0% 18V.

0

_ _ CONFORMATION TRANSITION
In the case of a fast carrier tunneling the

dislocations have no time to move, so the The conformation of a molecule means that
undisturbed superlattice in Figa3is kept. In two or more molecular configurations exist. The
relations (10) the space period of misfit conf_ormat_lon transition (CT) means change of th_e
dislocation depends on the carrier electric field configuration. In the general case an asymmetric
| .(x)~A,(x). The higher carrier density inside molecule have different energies of conformation
configurations [14] (the energy differend#).

CNT creates regions with larger space period of Let's denote the molecular electric dipole moment

misfit dislocation. Direct inserting of (14) with d in the initial stable conformation am] in the

¢ ~cosx /2. } Into (11) yields the picture of th? unstable one, the electric dipole moment change
dislocation rearrangement and band modulation js Ag=d, — d,. CT is possible if the carrier electric
shown in Fig. B The superlattice tunneling is  fie|d intensity exceeds the critical valug,
destroyed and the electron tumns to be locked in gefined by relation that leads (4) to the critical

one period of the deformed dislocation structure. \5jues of the linear charge densityand wave
The periodic quantum wells for a hole in CNT are  f;nction densityytof in CNT:

relatively narrow. They are divided by wide
commensurate regions. This can lead to the o _ W, . ~ _Wer, w == (s
C

carrier localization at a dislocation Fige. 3 © Ad’ ¢ ZAQ’ eF,

r
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Hered. is the radial projection. CT is possible

only for one mutual orientation of the vectors. A

carrier with another sign of charge does not create

CT. The CT goes as order-disorder phase

transition in the carrier electric field. After Gfie

carrier decreases its energy on the value
AU =AU;, =-4/mehd.

int

(16)

The most probable scenario: a carrier tunnels
into CNT on a high level and jumps to the basic
state then conformation transition goes (the
phonon relaxation is faster then conformation
one). The basic state wave function must exceed
the critical value (15)41(X)> w.. As the result, the
wave function has only one maximum and
conformation domain takes symmetric position.
The potential well of infinite depth with width 2
arises, it includes symmetrically a potential well
of the finite depthAU (16) with width 2&(a<l).

So the carrier potential inside CNT is

o, [XPI;
UX)=4 0;asg|xfl; (17)
-AU; |xka.

Following to [13] let us introduce the wave
numbers ky (the conformation transition well
depth),k (the basic energy level height), ard
(the basic energy level depth):

hZ hZ
2m, 2m

Let us write the selfconsistent system of
equations

AU

kZ W, K; k%= K- K;(18)

K =k =1
_K 1
tarka—E tanh‘((—a)’ (19)
11 _ codka 2 kl-a) .
E_a+7(tanh(( ay P [SHZK(|—a) SﬁK(|—a)],

Acoska={, .

The first equation of the system (19) defines the
wave numbek, the second one is the first
derivation the continuity condition in poirta.
The third equation is the normalization
condition, A is the wave function amplitude. The
fourth equation: the wave function on the
boundary of the conformation domain takes the
critical valuey(a)=y.. The last equation directly

300

defines the selfconsistency of all sizes and
energies of the problem.

The first and the last equations in (19)
allow exclude the variable®\ andk . After
introducing the dimensionless variabl€s D
and parameterk, @ the rest of the system can
be transformed to the following selfconsistent
form

1 )
tanhi/C' - D7 %" —1p

1
DtanD

1L
bap (¢ X

DtanD=y/C* - D?
(20)

1+ +

D? taRD
Cc-D?

1 ,DtanD _
1+taf D" C2-D?

-)-—3=0
s

C=ka D=ka L=kl q::%;(m)

The system of equations (20) is nonlinear and
transcendental with two unknown variables. The
first equation is generalization of the one
unknown variable equation for the finite depth
guantum well in [13] (there tark)(is absent,
parametelC is fixed andka is unknown). In [13]
the equation is solved by graphic method on a
plane. Here we use the graphic method. However,
for two unknown variables graphic must operate
with 3D space. The system's solution for the base
guantum state can be ambiguous. We take the
minimum energy solution. For dimensionless
parameters valuels=10; @=0.2 graphic solution
of the system (20) gives the relative width and
depth of the arising quantum well and position of
the basic quantum level (see Fig. 4)

C

o7z W
Wo

k2

C

k_§~

= 011 050.(22)

a k _Dc _
| k, C

C

ESTIMATIONS

The molecular electric dipole change is
Ad ~d ~ |ero| ~ 10 CI-m. The carrier energy
decreasing after conformation transition (16)
is AU~ (10'-10% eV. The linear charge
density (15) and the energy difference between
the conformations arer.~e/2l ~ 102 Cl/m;
W, ~ 10%eV. The shorter is CNT the moh&,
can be overcame by a carrier.
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Fig. 4. The potential well, the basic state electror
hole) wave functiony,(x) shape, and position
basic energy level in CNT after conformat
transition in the functionalizing molecular lay
Diamonds show level of the critical valye for
a conformation transition

CONCLUSIONS

The energy spectrum of uncompensated
charge carrier in a functionalized CNT is
investigated. The physical mechanism responsible
for this interaction is the molecular dipole
moment interaction with the charge carrier
electric field. A homogeneous distribution of the
molecular dipoles creates homogeneous shift of
electric potential along CNT. Following soft
degrees of freedom in the functionalizing
molecular system are considered: (i) radial elastic
deformation of the molecules; (ii) the periodic
system of misfit dislocations of the molecules
along CNT; (iii) the molecules conformation.

The periodic misfit dislocations with extra or
lack dipoles create a superlattice potential for a
carrier inside a nanotube. The topological
invariant signd) =x1 defines creating the
relatively narrow peaks or wells for electron
(correspondingly the wells or peaks for hole).
Considerable deviation of the bands edges relief
from a sinusoidal function breaks symmetry of
the spectra. The narrow peaks are easily
penetrated by a carrier that causes the narrow gap
or quasigap arising in corresponding band. In
another band the narrow wells are divided by
wide barriers; tunneling is rather difficult. It
causes very narrow miniband. In its turn the
charge carrier attracts the molecular layer that
makes dislocation out of periodicity and coherent
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regions expand. It destroys miniband structure
and can lead to carrier localization faster.

In CNT the spectra of holes and electrons are
symmetric. The layer of the functionalizing
molecules with the intrinsic electric dipoles
breaks this symmetry in dependence on a charge
sign, dipole orientation, and a kind of the
dislocation or conformation. The conformation
transition in the electric field and energy
spectrum modification are possible for one sign
of the carrier charge. The carrier with another
sign of charge feels a homogeneous change of
potential along CNT only. Thus, a functionalized
CNT with a conformation transition can be used
as a semiconductor rectifier.

The functionalized CNT and induced spectra
are extremely sensitive to variation of the
molecule-molecule  and molecule-substrate
interaction constants. It may be caused by
temperature, phase transitions, filling of
functionalizing layers and impurity containing.
The charge-carrier energy spectrum depends on
the rigidity of the functionalizing molecular
system. The high rigidity of the functionalizing
molecular system leads to suppression of
localization. The CNT conductivity must grow
significantly in these cases. Thus, a hanowire can
be used as a sensor for the state of the molecular
system. The processes considered should be taken
into account in the design of chips based on CNT
and layered organic surface structures [6, 7].
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DYyHKIiOHAJII30BaAHI HANIBIPOBIIHUKOBI ByrJielleBi HAHOTPYOKM:
TPH MOJIeJi VIl CIIEKTPiB HOCIsA

B.O. JInkax, E.C. Cupkin

Hayionanvnuii mexniunuii ynisepcumem " Xapxiscokuti noarimexuiynuti incmumym"
eyn. Opynze 21, Xapkie 61002, Vkpaina, lykah@ilt.kharkov.ua
Dizuxo-mexniyHull iHcmumym Huzvkux memnepamyp im. b.1. Bepxina Hayionanvnoi akademii nayk Yxpainu
np. Jlenina 47, Xapxie 61103, Vkpaina

Teopemuuno 00CnioNCeHO eNeKMPOHHI cnekmpu QYHKYIOHANI308aH0I HANIENPOBGIOHUKOBOI 8yeaeye8oi Hanom-
pybxu (HT). B monekyasaphil cucmemi po32nanymo HACMynHi m'aKi cmyneni ¢60600u. padianvia degopmayis,
oucnoxayii Hegionosionocmi i Kougopmayii. Jns KoAHCHOT MOOeNi OMPUMAHA CAMOY3200ICEHA CUCTEMA PIBHAHD.
Koorcna cucmema onucye nosooeacne keanmyeanns nocis 3apady ¢ HT, esaemodito nocis 6 HT 3 enexmpuunumu
OUNONIAMU MOJIEKY]l, MAMEPIANbHI PIGHAHHS O M'SIKO20 CmyneHs c8o600u i wioeo pexoncmpykyii. Ilokazano, wo
@yukyionanizayis moougixye erexkmponni cnekmpu HT i cmeopioe pisni ymosu 0na roxanizayii abo myHenosanus
OIpOK 1l eneKmpoHis.

DOYHKIHMOHAIM3HPOBAHHBIE IOJYNIPOBOJIHUKOBbIE YIJIEPOHbIe HAHOTPYOKH:
TPH MOJ /U VISl CIIEKTPOB HOCHTEJIsI

B.A. JIvikax, E.C. CpIpkuH

Hayuonanvhoiii mexuuueckuii ynusepcumem " XapbkoGcKuil nOIUMexHU4eCKUtl uHCmumym'
yn. @pynze 21, Xapwvros 61002, Vkpauna, lykah@ilt.kharkov.ua
Dusuxo-mexnHuyeckull uHcmumym Huskux memnepamyp um. b.1. Bepxuna Hayuonanvnoii akademuu nayx Yxpaumol
np. Jlenuna 47, Xapvros 61103,Vrpauna

Teopemuuecku uccie008anvl 1eKMpPOHHbIE CHEKMPbL (DYHKYUOHATUSUPOBAHHOU NOIYNPOBOOHUKOBOU Y2Nepoo-
noti narompy6ru (HT). B MonekyisapHotl cucmeme paccmampusaiomest caedyiowue Msaekue cmenenu ceoboovl. pa-
ouanvHas degpopmayus, OUCTOKAYUU HECOOMBEMCmMEUs U Konpopmayuu. s Kaxicoou mooenu noayyeHa camoco-
2nacosannas cucmema ypaswenuti. Kasicoas cucmema onucwvléaem npooonvhoe keanmosanue nocumens 6 HT, e3au-
Mooeticmeue nocumensa 6 HT ¢ anexmpuueckumu Ounonsmu Moiexyi, MamepuaibHvle ypasHeHus 0 Maekol cmene-
HU c60000b1 u ee pexkoncmpykyuu. Ilokasano, umo gyuxyuonanuzayus moouguyupyem snekmpontuvle cnekmpol HT
u cozoaem pasnuyHwie YCa08uUs Ol JOKATUZAYUU UL TYHHETUPOBAHUS ObIPOK U INEKMPOHOE.
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