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Role of hybridization on the Schottky barrier height of carbon nanotube field effect transistors
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The impact of hybridization on the Schottky barrier height (SBH) for holes at a metal/nanotube contact is
investigated using ab initio density-functional theory. For small diameters, the impact of hybridization is a
deviation of the SBH in comparison to that calculated using the “1/d” rule, where d is the diameter of the
carbon nanotube (CNT). In the hybridization region, the SBH reduces with chiral angle, suggesting that CNTs
in this region may well be suited to microelectronic applications due to small SBH and large band gaps.
Hybridization also causes a difference between the effective mass of electrons and holes, supposed to be
identical within the tight-binding approximation. A strongly patterned behavior of the effective mass dependent

on chirality and diameter is also reported here.
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I. INTRODUCTION

Unlike conventional metal-oxide-semiconductor field ef-
fect transistors (FETs) (MOSFETs), carbon nanotube (CNT)
field effect transistors (CNTFETs) have been demonstrated to
operate either as Ohmic or Schottky barrier (SB) FETs.!~*
Their observed sample-to-sample variation in current carry-
ing capability is determined by the nature of the metallic
electrode as well as diameter of the nanotube used as the
channel.” Despite significant effort, no true value of the
Schottky barrier height (SBH) has yet emerged.>* This is
largely due to the complexity associated with determining
the physical structure of a CNT embedded in a CNTFET
with bottom gate, whose drain current characteristics can
also be measured nondestructively for the purpose of corre-
lating the transport with the physical structure. Conventional
techniques such as scanning probe microscopy (SPM) do not
allow for measurement of tunneling current due to the pres-
ence of the bottom gate oxide. Atomic force microscopy
(AFM) has an accuracy of =10% but is incapable of reso-
Iution of nanotube chirality. Systematic Raman spectroscopy
of single nanotubes embedded in a CNTFET is extremely
challenging due to spot size of the spectroscope and the res-
olution of destructive methods such as high-resolution trans-
mission electron microscopy (TEM) (HRTEM)/TEM is in-
versely proportional to the electron-beam energy. The
difficulty in characterization has lead to different approaches
to attempt extraction of the SBH from drain current charac-
teristics of CNTFETs. In particular, Chen et al.? used a one-
to-one comparison between experiment and simulation using
statistical sampling to relate drain current characteristics
measured for one set of devices with diameters determined
via TEM from another set of devices. Kim et al.®> and Tseng
et al.* determined the diameters of each device using AFM
and employed the model presented in Eq. (1) below to evalu-
ate the barrier height. The Schottky barrier height is com-
monly required as input parameter to evaluate the transfer
characteristic of CNTFETSs via numerical simulations.>®

Assuming the physical structure is known, the band struc-
ture can in principle be determined via calculations employ-
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ing density-functional theory (DFT). However, such calcula-
tions suffer from limitations in modeling the exchange-
correlation energy, whereas quasiparticle corrections to the
band gap require prohibitive computing times even by mod-
ern standards, limiting the range of CNTs which can be ex-
plored. Despite these limitations, several ab initio DFT cal-
culations have been reported on the impact of contact
geometry and metal on the resistance.””!! These studies have
revealed the superiority of the coupling of palladium with the
nanotube in comparison to gold, for example, even though
both metals possess similar work function. Strong perturba-
tion of the nanotube electronic structure close to the metal
interface may be expected particularly via metal induced gap
states (MIGSs) which have been shown in several ab initio
studies of metal/nanotube contacts.” The electrostatic dipole
arising due to MIGs strongly affects the Schottky barrier
height of the contact. Nonetheless, ab initio calculations
which can examine this effect, particularly for chiral nano-
tubes, necessitate an excessive computational burden, which
is beyond the scope of the present study. On the other hand,
phenomenological models of the SB still retain their useful-
ness in assessment of device performance via transport
calculations.>®!2 The SBH (for holes) can traditionally be
expressed as the difference between the metal Fermi level Ep
and the semiconducting valence-band edge E,, given by

1
EEG_¢M+¢CNT’ (1)

Ay=Ep-E,=
where E; is the band gap, @y is the work function of the
CNT, defined as the difference between the vacuum level
(VL) and the Fermi level Ep, and @, is the work function of
the metal. Earlier models of the SBH rely on use of a con-
ventional “1/d” dependence of the band gap of the CNT,
derived from the tight-binding approximation>*!? and on a
constant work function ®cynp. Values of the proportionality
constant in this relationship vary significantly in the litera-
ture as highlighted in Fig. 1, as indeed values of work func-
tion do (®Pcnp=4.5 eV in Ref. 15 and 4.7 eV in Refs. 2 and
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FIG. 1. (Color online) Variation of CNT band gap as a function
of diameter. In this figure, the band gap is inversely proportional to
the diameter but the coefficient of proportionality employed yields
band gaps of 0.71 (Ref. 12), 0.84 (Ref. 13), 0.96 (Ref. 14), and 1.10
(Ref. 3) at 1 nm.

12), leading to widely varying values of the SBH. Using Eq.
(1), Kim et al.? reported an ideal diameter value of ~1.8 nm
whereas Tseng et al.* reported ideal diameters of 1.5 nm. In
comparison to the simplistic model presented by Eq. (1),
Leonard and Talin'? developed an analytical model of the SB
taking into account partial depletion of the nanotube at the
nanoscale contact. This approach is reasonable since band
bending at a metal-nanotube contact is expected to occur via
charge transfer. Using this model, Leonard and Talin'? re-
ported an ideal diameter of 1.4 nm for Pd contacts. None of
the above models include the impact of hybridization in their
approach, though the impact of hybridization on the elec-
tronic band structure has first been reported by Blase et al.'®
and more recently by Zélyomi and Kiirti'” whereas that on
the work function of the CNT was reported by Su et al.'® A
variation in the estimate of the ideal diameter for which the
SBH is zero, described above, can be attributed to the uncer-
tainty of these two parameters. The issue is relevant to the
selection of appropriate semiconducting CNTs for microelec-
tronic applications, i.e., those with large band gap but a zero
SBH. Large diameter CNTs have smaller Schottky
barriers,>* but their band gaps are also smaller, leading to an
increased ambipolar conduction and a poorer on/off ratio.
In this work, the impact of hybridization calculated via
DFT on the SBH is evaluated using the Schottky barrier
model for a partially depleted CNT. The impact of hybrid-
ization on the effective masses of electrons and holes is also
demonstrated. This aspect is relevant in any approach which
uses a comparison between measured and simulated drain
characteristics to determine the SBH.? Electronic properties
(band gap, work function) of the entire range of semicon-
ducting (n,m)-CNTs with diameters from 0.4 to 1.6 nm, pos-
sible within supercell sizes of up to 200 atoms, are reported
here. This work extends the data set of Zélyomi and Kiirti'”
and Su et al.'® and includes all of the above properties cal-
culated within a single framework of simulation parameters.
Additionally, the role of the chiral index for small diameter
nanotubes in the determination of the SBH is highlighted.
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The ab initio calculated band structures are subsequently
used to calculate the effective masses for holes and electrons
and compared with those evaluated from tight binding.

II. METHOD

Calculations were carried out using DFT implemented in
the Vienna Ab initio Simulation Package (VASP).'°2? In the
present calculations, an ultrasoft pseudopotential’>** was
employed to describe the interaction between the ions and
the valence electrons together with the local-density approxi-
mation (LDA) to model the exchange-correlation energy.”
The cutoff energy was chosen to be equal to ~360 eV
which is sufficient to obtain well converged results within
this framework. All structures were relaxed using three-
dimensional (3D) periodic boundary conditions in large su-
percells of length equal to the translational vector along the
nanotube and at least 10 A of vacuum in the other directions
until the forces acting on each atom decreased below 0.005
eV/atom. The Monkhorst-Pack technique centered at I" with
appropriate meshes (depending on the length of the transla-
tional vector of the nanotube) was used for the integration
over the first Brillouin zone?® and a Gaussian method with a
smearing width of 0.1 eV was used for smoothing of the
density of states near the Fermi level.

III. RESULTS

The calculated electronic properties have been summa-
rized in Table I. Figure 2 represents the variation in the work
function and band gap as a function of diameter. The work
function is shown to increase while the band gap decreases
with reduction in diameter due to hybridization, and the re-
ported values are consistent with previous theoretical
investigations.!”!827 The deviation of the band gap from the
1/d rule, highlighted by the dashed line in Fig. 2, is more
prominent for small chiral angles. To evaluate the impact of
these properties on the SBH, the electrostatic potential and
the charge density are solved self-consistently using Egs. (2)
and (3) given below for clarity,

Ey~qVNT
o=gN f [1-f(E)]ID(E + qVnr)dE

—00

- J fE)D(E + qVnr)dE ¢, (2)
E~qVnt

Var= 21 (R”) 3

NT = £ n R ) (3)

In Eq. (2), R is the carbon nanotube radius, s is the distance
between the nanotube and the metal (and is equal to 3 A in
this work), f(E)=1/[1+eEEr/%s7] is the Fermi-Dirac distri-
bution, Ey is the Fermi level, and D(E+eVyr) is the density
of states shifted by the electrostatic potential V1 determined
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TABLE 1. Summary of the electronic properties calculated from ab initio calculations. In this table, the
diameter is given in nm, the band gap Eg and the work function ®cyy are given in eV, and the effective
masses for holes (m;,) and electrons (m,) are given as a fraction of the free-electron mass (m).

Translational Eg DNt
Diameter (nm) Chirality (n,m) vector (nm) (eV) (eV) my,/ mg m,/ mg
0.41 (4,2) 1.13 0.27 5.14 0.43 0.20
0.44 (5,1) 2.37 0.04 5.17 0.10 0.17
0.48 (4,3) 2.59 1.33 4.72 0.18 0.18
0.51 (6,1) 2.79 0.42 4.98 0.41 0.16
0.55 (5,3) 2.98 1.20 4.62 0.24 0.21
0.55 (7,0) 0.43 0.28 5.02 0.1 0.16
0.57 (6,2) 1.54 0.69 4.77 0.11 0.18
0.62 (8,0) 0.43 0.55 4.78 0.27 0.17
0.68 (6,4) 1.86 1.09 4.58 0.17 0.18
0.78 (10,0) 0.43 0.86 4.6 0.09 0.09
0.83 (8,4) 1.13 0.81 4.55 0.11 0.10
0.86 (11,0) 1.13 0.83 4.52 0.16 0.16
1.02 (13,0) 0.43 0.72 4.58 0.07 0.07
1.04 (10,5) 0.43 0.74 4.52 0.13 0.12
1.10 (14,0) 0.43 0.72 4.51 0.14 0.19
1.25 (16,0) 0.43 0.62 4.57 0.07 0.07
1.33 (17,0) 0.43 0.49 4.55 0.08 0.08
1.57 (20,0) 0.43 0.50 4.52 0.10 0.12

by solving the Poisson equation [Eq. (3)] in a cylindrical
geometry. The SBH for holes (Ak) and electrons (Ae) is
determined by Egs. (4) and (5),

Ah(d) = Ef* — E;NT = Ahg(d) + qVir

: {Eg(d)

y (b — ‘/’CNT(d)]} +qVnr,  (4)

Ae(d) = ESNT - E}neml =Aey(d) = gVnr

- {EgTM) +[ - ¢CNT(d)]} —q¥r. )

where Ahy(d) and Aey(d) are the SBHs before charge trans-
fer and Ah(d) and Ae(d) are the SBHs which take partial
depletion into account.

From these equations, the SBH for holes, as a function of
diameter, for the same three metals examined by Chen et al.”
[palladium (®Ppyg=5.1 eV), titanium ($p;=4.3 eV), and alu-
minum (®,;=4.1 eV)] using DFT calculations (dots) is
compared with that obtained using the “1/d rule” (lines) as
described in Fig. 3(a) of Ref. 28. This figure indicates a
Schottky contact for holes using titanium and aluminum and
a transition from Schottky to Ohmic contact using palladium
as observed experimentally.> At diameters smaller than 0.8
nm, hybridization results in an even greater reduction in the
SB via an increase in the work function and reduction in the
band gap. The deviation from the traditional picture in the

small diameter region observed in Fig. 3(a) can account for
the deviation observed experimentally by Chen er al. (see
Figs. 2 and 3 of Ref. 2), related at the time to the reactive
nature of the contact. Larger deviations observed for titanium
and aluminum in comparison to palladium are also consistent
with experiment.

The diameter at which the contact varies from Schottky to
Ohmic (between 0.9 and 1 nm) is lower than the diameter
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FIG. 2. (Color online) Variation in the band gap (dashed line)
and work function (full line) with the diameter, d, of the CNT,
calculated via DFT. The empty and full circles represent the band
gap and work function, respectively. The dotted line indicates in-
verse dependence of diameter with a proportionality factor of 0.76.
However, a deviation from this 1/d rule is observed due to hybrid-
ization for diameters less than 0.8 nm.
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determined experimentally (about 1.3—1.4 nm). This may be
explained by several factors: the constant in the 1/d relation-
ship from our DFT calculations is about 0.76 whereas Chen
et al.? used a value of about 0.84 and the work function of
CNT of about 4.7 eV in comparison to the present values.
Finally, the reduction in band gap within DFT is another
important consideration.

Figure 3(b) represents the variation in the SBH for holes
as a function of the chiral angle # of CNTs for diameter of
0.5 nm. The energy barrier is seen to increase as 6 ap-
proaches /6 even though this effect is small for palladium
due to the weak variation in the SBH with @ in this metal.
The y axis in Fig. 3(b) is representative of the error bar
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associated with the value of SB for one given diameter. The
significant variation in SBH with chirality explains some of
the variations observed from device to device even for the
same diameter nanotubes.”* These results are indicative of
the fact that small diameter CNTs having small chiral angles
may well possess negligible SB and reasonable band gaps for
microelectronic applications, though practical considerations
may include the ability to achieve Ohmic contacts for such
small diameters.

The effective masses are determined from the band struc-
ture calculated within VASP by fitting the electronic bands
and calculated from a tight-binding band structure as pre-
sented in Eq. (6),2%30

alan\/g

1+2cos[

2\ m* + nm+n?

akn\/g

m* +nm+n’

. gz (m+2n) J

+4cos’

+2cos| — +
2N m* + nm+ n?

ak(m+n)x/§

m* +nm+n’ =+70u (k)

q7z(2m+n) J

qﬂ'(n—m)

where 1, is the transfer integral between the 7r orbitals of
neighboring atoms (equal to 2.5 eV in this work), k is the
wave number, and g defines the allowed lines for k. Using
these notations, the effective masses are given by

mh,e_ ﬁz
mg - (72E(k)

T2

k:kO
2\u(ko) i
{ Pu(k) 1( ou(k) )2 1 |
moYol .2 -5
ok kg 2 Jk ity u(ky)

(7)

The calculated masses have been summarized in Table I.
Some of these values are in good agreement with those
found in Ref. 27. However, a more complete set of masses is
presented in Fig. 4(a) as a function of the diameter. For clar-
ity, only the masses of holes have been plotted in this figure.
Clear patterns appear in the variation in these masses and
bear full agreement with the patterns observed in the
adsorption-emission spectra of previous spectrofluorimetric
measurements on single-walled carbon nanotubes isolated in
aqueous surfactant suspensions.3! The first pattern is associ-
ated with the “family pattern” and is denoted F; (with i
e[l,...,5]) in Fig. 4(a). These curves, F;, are “exponen-
tially” decaying and link the masses of all (rn,m)-CNTs hav-

+
aNm* +nm+n® 2(m* +nm+n’)

(6)

ing the same property n—m=i [e.g., F; corresponds to the
family (3,2)-, (4,3)-, (5,4)-, ..., (18,17)-CNTs]. The second
pattern, also known as the 2n+m=const family,** corre-
sponds to the transversal lines [see gray thick lines in Fig.
4(a) which connect the masses of all the (n,m)-CNT whose
chiral indices vary “either by —1 in the value of n and +2 in
m or +2 in n and -1 in m”]. For example, one of these
transversal lines is shown to link the (7,0)-, (6,2)-, (5,4)-,
(6,4)-, (8,3)-, (10,2)-, (12,1)-, and (14,0)-CNTs. Whereas the
variation in the electronic band gap is mainly dependent of
the diameter, the effective masses of electrons and holes
highlight the uniqueness of each carbon nanotube in the
same manner as the variation in phonon frequency® and
photoluminescence excitation-emission spectra®' with chiral-
ity and diameter, which are essential in separation and puri-
fication techniques.

Beyond this picture described within the tight-binding ap-
proximation, Fig. 4(b) presents the variation in the effective
masses of holes evaluated from the present ab initio calcula-
tions. The dotted lines represent to some extent the patterns
described above. In this figure, hybridization appears to open
up the shape described by the variation in the effective
masses of holes in the tight-binding approximation, whereas
the effective mass of the large diameter CNTs is in good
agreement with those calculated from tight binding.

Moreover, in contrast to the masses of holes, electron
masses appear to approach a constant value ranging between
0.15mg and 0.20m, as the diameter decreases (see Table I).
This discrepancy between the masses of electrons and holes
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FIG. 3. (Color online) (a) Variation in the SBH for holes, Ah, as
a function of the CNT diameter. In these figures, the dots and the 3.0 L — 1 T T
lines, respectively, represent the SBH calculated from the electronic ’ ® Ratio = (m,/m ) ‘ 1
properties extracted from ab initio calculations and from the tradi- 25 * i
tional picture (band gap inversely proportional to the diameter and Hybridization
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IV. CONCLUSION

In conclusion, the results presented in this work demon-
strate the importance of the individual contribution of the
electronic band gap and work function of the nanotube at
small diameters in the evaluation of the SBH. This qualita-
tive approach used in the evaluation of SBH highlights its
dependence on both the diameter and chirality. These results
based on density-functional theory show a deeper insight in

FIG. 4. (Color online) Variation in the calculated effective
masses for holes as a function of the diameter. (a) represents the
effective masses calculated from the tight-binding approximation
and (b) from ab initio calculations. For both figures, each intersec-
tion point corresponds to a particular chirality and the lines corre-
spond to the patterns observed. (c) Variation in the ratio between the
masses of holes and electrons estimated via ab initio calculations.
The dashed line corresponds to the ratio of these masses within
tight-binding approximation, i.e., equal to 1.
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selecting an appropriate choice of CNTs for microelectronic
applications. However, this analysis does not take into ac-
count the effect of metal induced gap states at the metal-CNT
contact which plays an important role in the quantitative de-
termination of the Schottky barrier.
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