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Abstract

An investigation of laser stimulated thermopowecliiral CNT is presented. The thermopower of
a chiral CNT is calculated using a tractable amzdytapproach. This is done by solving the Boltzman
kinetic equation with energy dispersion relatiortaited in the tight binding approximation to detéren
the electrical and thermal properties of chiralboar nanotubes. The differential thermoelectric powe
along the circumferential., and axiaki,, are obtained. The results obtained are numeriealdyyzed and
is found to oscillate in the presence of laseratains. We have also noted that Laser source ath@vg
10'V/m lowered the thermopower otherwise there is hange. VaryingAs and A, the thermopower
changes from positive to negative.

PACS codes: 73.63.-b; 61.48.De
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1. Introduction

It is well known that a circuit made from two dissiar metals, with junctions at different
temperatures induces an electrical current in traiit. The temperature difference produces antetec
potential (voltage) which can drive an electricreat in a closed circuit. The voltage produced is
proportional to the temperature difference betwdentwo junctions. The proportionality constéhis
defined as the Seebeck coefficient or thermoetegtviwer and is obtained from the ratio of the \gdta

generatedAV to the applied temperature differendd (i.e. S = AV/AT) [1]. Lyeo et al. in [2] have

reported on an experimental technique called Sogniiihermoelectric Microscopy (SThEM) that can
probe thermoelectric transport at nanoscales. Befer [2] demonstrated this by mapping out the
thermopower of g@n homojunction and had a remarkable result which gibthie spatial resolution to be
on the order of 2 to 4 nm in highly doped semicaids. This creates the possibility of probing
semiconductor nanostructures for thermoelectridityerestingly, this resolution is of the order tbie
nanostructure size discovered by Hsal. [3] for AgPhbgSbTe,.

Thermoelectric (TE) power has been reported faaom array of carbon nanotubes (CNT) [4-6]
as well as for individual tubes [7]. Similar inviggttions were made on quantum wires [8, 9] andicigt
nanostructures, such as superlattices [10]. Merasath Buah-Bassuah [11] have investigated the
photostimulated thermomagnetic effect by electriona semiconductor superlattice (SL). They indidate
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the possibility of controlling the thermopower, the electron thermal conductivity, and the
electroconductivitys of the SL with the help of laser radiation. Theyiid the parameters y, ando to
oscillate in the presence of laser therefore anglitude dependent.

Past work on CNT was mostly made on randomly dssggetubes but Shamim M. et al. [12]
reported on the TE properties of cross aligned emdaligned junctions made between functionalized
single-wall CNTs (SWCNTs) and multiwall CNTs (MWCHN)I

Mensahet al. have studied the differential thermopower of ¢h&al carbon nanotube [13]. They
used the approach stated in [14] together witmibdel developed in [15] to determine the thermopowe
of the chiral CNT. The approach requires the cosatif phenomenological models that yield analytycal
tractable results [15]. The justification for tlapproach can be established from the work of Miyaneb
al. [16], where they computed the current excited imboa and BGN nanotubes immersed in an
electrostatic field. They observed in [13] that thermopower strongly depends on the geometriakhir
angle (GCA)4,, electric field E, temperaturg the real overlapping integrals for jumps along tilngular

axis Az and the base helﬁ(S . In this work, we will use the approach in [13]itwestigate theoretically

the laser stimulated thermopower in chiral CNTs.

The paper is organized as follows: section one déid the introduction; in section two, we
establish the theory and solutions; results obthin# be discussed in section three and finally dvaw
our conclusions.

2. Theory

The carrier (electron or hole) current densityl¢ctrical conductivityo and thermopowea of a
chiral SWNT are calculated as functions of the gefim chiral angled,, temperature T, the real
overlapping integrals for jumps along the nanotakis A, and along the base hellx. The calculation is
done using the approach in reference [14] togethién the phenomenological model of a SWNT
developed in references [15] and [17]. This modeldg physically interpretable results and givesext
gualitative descriptions of various electronic me®es, which are corroborated by the first-prigcipl
numerical simulations of Miyamoto et al [16].

Following the approach of [13], we consider a SWiNIder a temperature gradienl and in an electric
field applied along the nanotube axis. Employing Boltzmann kinetic equation

of (ra,tp,t) (p)? (; ,rp,t) e (; : p.t) _a(r, p,tz- fo(p) "

wheref(r, p, t) is the distribution functiorfy(p) is the equilibrium distribution functiow(p) is the electron
velocity, E(t) = E, + E;cos (wt) is the magnitude of the electric field, wil being constant electric
field and E;cos (wt) being monochromatic laser sourgejs the electron positionp is the electron
dynamical momentunt,is time elapsed; is the electron relaxation time aeds the electron charge and
taken the collision integral in the approximation and further assumed constant, tteetesolution of
Equation (1) is solved using perturbation approablere the second term is treated as the perturbdtio
the linear approximation dfT andOy, the solution to the Boltzmann kinetic equation is

f(p,t)= r‘lj': ex;{—;j fo( p- e.[:_t‘ [EO +E, cos/vt"]dt")dt
+ j: ex;{—;jdt{[f( p- ef_t‘ [EO +E coswt"]dt"j - ,u}g + D,u}
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&(p) is the tight-binding energy of the electron, and the chemical potential. The carrier currentsitgr
is defined as
i(t)=ex_v(p)f (p.t) ©)
p

Substituting Eqg. (2) into Eq. (3) we have

=er” j exp{ jdth (p eJ' [E0 + E, coswt ]dt )
+ ej: exy{—lrjdtzp:v( p){[e( p- eJ't t_t‘ [E0 +E, cosm"]dt") - }g + D,u}

v(p eJ. [E +E cosvvt]dtj (p eJ' [E + E, coswt ]dt) 4

Making the transformation
t " "
p—ejt_t‘[E0 +E, coswt ]dt - p,

we obtain for the current density

= er‘ljom exp{— %jdtzp:\{ p- e‘f:_t‘ [EO +E cosmt"]dt")fo( p)
+ ej: expE— %]dtzp: {[5( p)- ]— + D,u}

x {v( p)af"—(p)}v( p- ej't t_t‘ [E0 +E, coswt"]dt") ®)

o€

Using the phenomenological model [15,17,18], a SWd\donsidered as an infinitely long periodic chain
of carbon atoms wrapped along a base helix andutrent density is written in the form

j=Su,+Z'u, (6)

where Sand Z are respectively components of the current delasityg the base helix and along the
nanotube axis. The motion of electrons in the SVidNfEsolved along the nanotube axis in the diraatid
the unit vector yand a unit vectorgidangential to the base helix ig defined as the unit vector tangential
to the circumference of the nanotube épib the geometric chiral angle (GCA). ia always
perpendicular tozltherefore ycan be resolved along and y as

Us = Ug COoS 6 + U, Sin 6, 7

Therefore, j can be expressed in terms.a&nd y as
] = Uc(S'cosbh) + U (Z'+ S'sinbh) =jelc + U, (8)

which implies that,
je = S cos by 9)



i,=2'+ S'sn6, (10)

The interference between the axial and helicalatimnecting a pair of atoms is neglected so that

transverse motion quantization is ignored [15,THis approximation best describes doped chiralaarb
nanotubes, and is experimentally confirmed in [19].

Thus if in Eq (5) the transformation
Ta, T,

[dP, [dP,
Ja, T,

is made, Zand Srespectively become,

” 7a, T
. 2er e _t

2

JgZdPZvZ( p- e.[:_t, [E,+E, coswt"]dt"j f,(p)

s z

74
Jo Jor o) a3 400}

x {vz(p) afg‘(gp)}vz( p- e.[:_t‘ [E0 + E, coswt’ ]dt j (11)

and

-1 %S %z
,_ 2er " e _t g q
S= ) J.O exp{ TJdtﬂIdPs J'dPsz[p e.[t_t, [EO + E, coswt ]dt )fo(p)

dS %Z

* (Z;e)z l exi{‘ ;)dtj::‘?":'si}ipz {[5 (p)-4] DTST + Dsﬂ}

X {vs(p) afg‘(gp)}vs( p- ef_t, [EO + E, coswt’ ]dt") (12)

where the integrations are carried out over that Brillouin zone, 7 is Planck’s constants, ps, Es, OsT,
andOgu are the respective componentsvpp, E, OT andu along the base helix, and p,, E,, 0,T, and
,u are the respective componentsgb, E, OT andOu along the nanotube axis.

The energy dispersion relation for a chiral nanetabtained in the tight binding approximation [15]

5( p) =&, — A, cosPSTOIS -, cosF)ZTdz (23)



where g, is the energy of an outer-shell electron in araiedl carbon atom), and As are the real

overlapping integrals for jumps along the respectooordinates, pand p are the components of
momentum tangential to the base helix and alonghbenanotube axis, respectively. The components
andyv, of the electron velocity are respectively calculated from the energy d&parrelation Eq (13) as

oe(p) _Ad, . Pd
— — 2sYs s-s 14
Vo(p) == == sin= (14)

S

VS( p-ef [E+E, COSWt"]dt") = ASTdssin( p-ef [E,+ Eicosvvt"]dt"j

Ad

STS

= {sinPSTdsco{p—ef_t[EO+E1003/vt"]dt")

- cosPSTdSsil{ p- ef_t‘ [EO +E cosvvt"]dt"j (15)

de(p) _A,d, . Pd
- Z~Z Z~Z 1
v,(p)= 5 = =2 sin= (16)

z

and

VZ( p- ej:_t‘ [EO +E, coswt’ ]dt"j = Azhdz {sinPSTdS co{ p—eJ':_t‘ [Eo + Elcoswt"]dt")

- cosPZszsil{ p- ej':_t, [E0 +E, cosmt"]dt"j (17)

To calculate the carrier current density for a degenerate electron gas, the Boltzmann equilibrium
distribution functiorfy(p) is expressed as

P.d Pd
Ascos$+Azcos$+,u—so

f,(p)=Cex o (18)




Where C is found to be

— dsdzno _ Il’l_go
i 2I0(A;)I0(A2)exﬁ{ T j o)

and ny is the surface charge density(x) is the modified Bessel function of order n defil by

* A * A .
A, =—andA, = k—_lf andk is Boltzmann’s constant.

KT

Now, we substituted Eqgs (13) - (18) into Eqs (11d &12), and carried out the integrals and alsozaes
over t to obtain the following expressions

__ . Kj(&=H)_n IO(A*S) e LA, 5
S US(E)Em US(E)G{( KT j As |1(A*s)+2 AZIOA*Z DST ( 0)
Z'=-0,(E)E, —o—z(E)E (‘90 _”j—A*z 'O(A*Z)+2—A’; L o,T (21)
ell kT LA,) lol&,
Where we have defineEE_,:n as
E,=E +0.%
€

and alsasi(E) as

2 2 * o0
o(e)=2 TAhif'i Mo :1%21) 3 32(a) 1 _—li=sz (2
0\Bi /n=- 1+ (edi E% + nwj r2

HereJ,(a) is the Bessel function of the n order.
Substituting Eq (20) into Eq (9) gives circumfeiahturrent densityc as
j. =-0.(E)sing, cosd,E.,

—JS(E)Esith cos, (50 _'UJ—A*S IO(A*S)+2—A*Z IlAf a,T (23)

e KT 12, AN

Similarly, the axial current densitywas obtained after substituting Eq (21) into BEg) @s,



o (B0 B)siPa)E, {JZ(E)E

KT 1,4,) AN
+aS(E)Esin2 8, (50‘”j—A; IO(Af)+2—A*Z LA, 0,7 (24)
e KT 1,2, AN
we define
_E&H _ LA leoA*i 2 5

¢ kT’A oA V.Y A’}"S’Z (23)
Then Eqgs (23) and (24) respectively become
. . \ k . . .
ic = -0,(E)sin, cost,E,, - 7,(E) _sing, cof{§ KB~ K,ANT (26)
and

,=o,(E)+a.(E)sit g }E,
—{az(E)E[f—A*ZBZ -8l +o(6) st gle- a8 -aal0T @

Eqgs (26) and (27) define the carrier current dgn3ite circumferentiab,, and axials,, components of the
electrical conductivity in the CNT are obtainednr&qgs (26) and (27) respectively. In fact the dogdhts

of the electric field— E;n in these equations defilmg, ando,, as follows,

o, =o,(E)sing, cosé, (28)
o, =0,(E)+ao,(E)sin’g, (29)
E*
The differential thermoelectric power is definedias ratioﬁ in an open circuit (i.e. when j = 0). Thus

settingj. to zero in Eq (23), the thermoelectric povagr along the circumferential direction is obtained as
follows

0=-0,(E)sing, cos8,E,, -o.(E )l;smé? cosB{E-AB- A AT

o, (E)smH COS4,E,, (E)zsme cosf, {4‘ N.B.-A AZ}



JS(E)Esin 6, cosf,{& - A,B,- &,A )

En -
0T o.(E)sing, cosé,
| En|_Kis ppon
acz_ DZT e{g AsBs AZAZ} (30)

Similarly, the thermoelectric powaer,, along the axial direction is obtained from Eq (43)follows (i.e.
when } = 0)

* {az(E)l; [f_A*sz _A*s'%] JS(E)ZSinZ gh[gr—A*SBs —A*ZAZB
= G (E)+oE)sing, * o,(E)+o,(E)sin?g,

m
y

_|E
Z 0,7

a,(E)
JZ(E)+0'(E)SII’I 26, e[g 8.8, -]

o.(E)sin® g,
+UZ(E)+U( E)sin? g, e[‘r AB, -4 Az] (31)

In summary, the analytical expressions obtainedHtercarrier current densifyand thermopower
a depend on the geometric chiral an@letemperature T, the real overlapping integralgdorps along the

tubular axish\, and the base helik..
When the Laser source is switched off i.e=B andw = 0 the thermopower expression in Eq (31) reduces

to
a(E) k ] .
= z —|&-AB, -A
T2 Bvo E)sivg, b L Al

o, (E)sin® g,
"o E)+o.(E)sin g, e[‘z 5.B,-4,A] (32)

erAhSIn 1(7) 1=sz .
(A (edE/)

these expressions were obtained in [13]

where 0, (E)

Results, Discussion and Conclusion



Using Boltzmann kinetic equation, the expressidith® carrier current density and thermopower afath
SWNT was obtained.

We observed from Egs (30) and (31) that the thelmotiic power of a chiral CNT is dependent
on the electric fields Eand E, temperature T, GCA;, and the overlapping integralg andA, for jumps
along the circumferential and axial directions.a flirther understand how these parameters affect th
thermopower, we sketched Eq (31) using MATLAB.

Figure (1a) represents the dependence of thermapgywen temperature for a fixed value &f =
0.015eV and values @ varied from 0.015eV to 0.025eV. It was observeat the thermopower decreases
rapidly with increasing temperature for valuef\gbetween 0.015eV and 0.018eV. For valueAaibove
0.018eV, the thermopower increases rapidly to aimax value and then start decreasing gradually with
increasing temperature. At high temperatures ati®0K, thermopower assumes a lower constant value
for all values ofAs. A similar behavior was observed by J. Hone etra[1B], where they measured the
thermopower of a SWNT experimentally.

The hyperbolic curves obtained in Figure (1a) arelar to the characteristic thermopower behavior
expected for semiconducting CNTs [20]. We noted ttzenAs values are equal or slightly abokg i.e.

A values between 0.015eV and 0.020eV, the thermopawecreases with increasing temperature T,
which give hyperbolic curves. These conditions entile chiral CNT behaves as a semimetal. Thelatt t
thermopower values in Figure (1a) are positive ¢lerentire range of temperature indicates that the
contribution from positive (hole) carriers domimatbe response.

The dependence of thermopower on temperaturedsskitched for fixed values Af = 0.024eV, 0.027eV
and 0.041eV as Figures (1b), (1c) and (1d) resgagtiln all cases)s is varied from 0.015eV to 0.025eV.

In Figures (1b) and (1c), the thermopower was fawnidcrease rapidly to a maximum value, then
decreases slowly to a constant value as temperatg®g All the curves were observed to have tgrnin
points at different temperatures.

Comparing our results obtained with the experimgntaeasured thermopower in reference [21],
it was noted that the theoretical curves agreeoresdy well with the experimental valu&areful study of
all the curves obtained revealed that the turnioigtp shift toward lower temperatures for a givgnand
increasing)s, but they shift towards greater temperatures,ascreases.

Interestingly, it came to light that there existhieeshold temperature for which hole conductivity
switches over to electron conductivity. It meanatthositive thermopower of the chiral CNT becomes
negative. The threshold value for the temperathiftsstowards lower temperature Agis increased. This
can be explained by the fact that graphite hasraopaveakly overlapping electron and holé spz bands
with near mirror symmetry about the Fermi energy Approximately equal numbers of electrons and
holes in these symmetrichands are consistent with the negative thermopobserved [5].

Looking at Figures (1e) and (1f), it is clear tatlues ofA, greater than 0.085eV render the
thermopower completely negative and hyperbolic [2Bhder this condition, the chiral CNT becomes
completely n-type material. It was observed in Fég(ie) that at a temperature above 600 K, thermepo
becomes zero. A similar observation was made fioichair CNTs [19]. This was attributed to the mirror
symmetry of the coexisting electrons and holeshim a@verlappingt bands. An observation made from
Figure (1f) shows that whely, is greater than 0.25eV, increasifigdoes not affect the thermopower.

The thermopower dependence on temperature in tesepce and also absence of Laser is
sketched and presented as Figure (2). We notedwtheh the Laser source; 5 between 0 and 4.6 x
10'V/m, the thermopower values does not change asdshievealed in Figure 2a wherg(Laser off) and
a, (Laser on) overlaps. Interestingly, Figure 2b skdva decrease in thermopower whenv&lues go
beyond 4.6 x 1t//m.

A sketch of thermopower against chiral angle inufFég(3a) showed a rapid decrease in
thermopower to a constant value atl7therefore indicates that any effect resultiram the thermopower
will be extremely small in dependence on the chirajles beyond®7
We also sketched thermopower with varyingfield at a fixed temperature of 300K in Figure X3k is
interesting to note that as; Ehcreases, the thermopower shows distinctive pe@ke dependence of
thermopower on Ewas found to be oscillatory. Furthermore, thernvepowas found to decrease as E
increases.



x 10™ The Axial Thermopower verses Temperature
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Figure la: The dependence of, on temperature T fax;equal to 0.015eV, 0.018eV, 0.020eV, 0.025eV,

A,=0.015eV, E =5 x 10V/m, E,=.1.38 x 16v/m.
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Figure 1b: The dependence of, on temperature T fakequal to 0.015eV, 0.018eV, 0.020eV, 0.025eV,

A, = 0.024eV, E=5 x 10V/m, E,=.1.38 x 18V/m..
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The Axial Thermopower ( V/K)
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Figure 1c: The dependence af, on temperature T fal\s equal to 0.015eV, 0.018eV, 0.020eV, 0.025eV,
A, =0.027eV, E=5 x 10V/m, E,=.1.38 x 16v/m..
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Figure 1d: The dependence of, on temperature T fak equal to 0.015eV, 0.018eV, 0.020eV, 0.025eV,
A,=0.041eV, E=5 x 10V/m, E,=.1.38 x 18v/m.
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x 10° The Axial Thermopower verses Temperature
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Figure 1le: The dependence of, on temperature T fax;equal to 0.015eV, 0.018eV, 0.020eV, 0.025eV,
A,=0.085eV, E=5 x 10V/m, E,=.1.38 x 18v/m.
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Figure 1f: The dependence of, on temperature T fax;equal to 0.015eV, 0.018eV, 0.020eV, 0.025aY,
=0.25eV, =5 x 10V/m, E,=.1.38 x 16v/m..
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Thermopower verses Temperature
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x 10° Thermopower verses Chiral Angle
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Figure 3a: The dependence of, on chiral angle at temperature T = 30@K5 0.015eV, A, = 0.024eV,
E,=1.38 X 16 V/mand E = 5 x 10V/m.
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Figure 3b: The dependence af, on E for temperature T = 300K for E 3 2E, and 4E, where =
6.9063x 16V/m A= 0.018eV, A, = 0.024eV,

Conclusions

The thermopowed of chiral CNT induced with monochromatic laser é&een investigated. The
chiral CNT parameterd A,, 6, the d.c. electric field Eand the laser source, Bere found to have
influence on the thermopowerof chiral CNT.

Our results show that the chiral CNT can exhibiniEonducting properties. It became clear that
as A, values increase beyond 0.040eV, the chiral CNTtssfiom a p-type to an n-type semiconducting
material. We noted that when the Laser sourds Bbove 4.6 x 1®/m, the thermopower values decrease.
Interestingly, varying the Laser source causedibemopower of the chiral CNT to oscillate.
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