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We report the results on measurements of the work function of carbon nanotubes and carbon-nanotube-based
materials including pristine multi-walled and single-walled carbon nanotubes as well as single-walled carbon na-
notubes intercalated by Cul with the Kelvin probe technique. We found the work function value 4.97-4.98 eV
for pristine carbon nanotubes, while carbon nanotubes infilled with Cul demonstrate the work function value

decreased by more than 0.1 eV (4.86-4.96 €V).
PACS: 72.80.Rj, 73.21.Hb, 73.23.-b
1. INTRODUCTION

The discovery of carbon nanotubes [1] triggered in-
creased interest in carbon-nanotube-based materials,
motivated by their unique electronic and mechanical
properties and suggesting their possible application in
electronic devices [2]. Tt is generally accepted that all
the properties of carbon nanotubes strongly depend on
the tube diameter and chirality [3] and can be success-
fully influenced by chemical modification of the tubu-
lar external surface (e.g., decoration or coating) [4] or
their internal channels (e.g., intercalation) [5, 6]. For
example, superconductivity was found in Cgg fullerene
doped with Rb or Cs [7]. Doping of carbon nan-
otubes alternates not only the value of their conduc-
tivity [8] but also their work function @ [9]. An essen-
tial change of positions of the conductance and valence
bands was also observed previously [5]. Decreasing the
value of the work function [9] with doping opens an
additional possibility for using carbon nanotubes as
electron emitters. In this paper, we present a set of
measurements of the work function for pristine multi-
walled and single-walled carbon nanotubes as well as
for single-walled carbon nanotubes intercalated by Cul
with Kelvin probe microscopy. This technique was con-
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firmed to be an effective method to investigate elec-
tronic properties of the carbon nanotube and carbon-
nanotube-based field-effect transistors [10-13]. We also
compare noncontact Kelvin probe measurements with
local differential capacitance measurements (LCM).

This paper is organized as follows. In Sec. 2, we
describe sample preparation, tube growth, and doping
procedures and give a detailed description of scanning
methods we used; in Sec. 3, we present experimental
results and discussion; Sec. 4 is a conclusion.

2. EXPERIMENTAL DETAILS

In our experiment, we used a standard sili-
con/silicon oxide wafer. The thickness of SiO; was
1000 nm, and p-type doped silicone substrate served
as a back gate. On the surface of SiO», a Pd mesh was
formed by optical lithography.

Multi-walled carbon nanotubes (MWCNTSs) were
grown by electric arc-discharge method described in
[14].  Single-walled carbon nanotubes (SWCNTSs)
were formed by catalytic arc-discharge method using
graphite rods 0.8 ¢cm in diameter with Y/Ni powder
catalyst at the 73.3 kPa helium pressure and the cur-
rent 100-110 A [15]. The SWCNTs were purified by
a multistage procedure consisting in controllable oxy-
genation in air and rinsing by HCI for catalyst removal
[16]. To form Cul intercalated SWCNTSs, the purified
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nanotubes with the SWCNT content of 86 wt.% and
the catalyst content of less than 0.1 wt.% were pre-
opened by temperature treatment at 500 °C in dry air
for 0.5 h. The oxidized SWCNTs (0.025 g) were grinded
with 0.4 g of Cul (Aldrich, 99 wt.%) in agate mortar,
vacuumized at 107° mbar for 3 h, and sealed into a
quartz ampoule. The sample was treated at 705°C
(100°C above the melting point of Cul) for 6 h and
slowly cooled (0.02°C/min) to room temperature to
induce better crystallization.

The SWCNTs intercalated by Cul have been in-
vestigated using Raman spectroscopy [17] and high-
resolution transmission electron microscopy [18]. It
was shown that RB (radial breathing) and G modes
of the Raman spectrum of this material demonstrates
strengthening of C-C bonds due to charge transfer from
nanotube walls onto the intercalated Cul nanocrystal.
This behavior is typical of acceptor-type impurities in-
tercalated into single-walled carbon nanotubes [19, 20].
In [18], a comprehensive analysis of the structure of
one-dimensional Cul nanocrystals in SWCNT channels
was reported. It was concluded that Cul nanocrystal
grew inside a SWCNT with either (001) or (110) crys-
tallographic axes aligned along the SWCNT depending
on the channel diameter.

Dredge of carbon nanotubes were dispersed in iso-
propanol with ultrasonic bath and then disposed on
the sample surface. Photolithography and evapora-
tion of metallic mesh were performed before the carbon
nanotube deposition to prevent the possible influence
of residual photoresist/PMMA®Y on the work function
value of carbon nanotubes [21]. Kelvin probe measure-
ments confirmed that work function values are the same
for two samples with SWCNTs and SWCNT bundles
measured at different locations on the sample surface.
The complete set of measurements was performed on
one sample with MWCNTSs, two samples with SWC-
NTs and SWCNT bundles, and one sample with Cul
intercalated SWCNTs and SWCNT bundles.

We used three different experimental techniques:
topography measurements, Kelvin probe measure-
ments, and measurements of the differential capaci-
tance dC/dz, where z is the tip-to-surface distance.

In our measurements, we used a commercially avai-
lable scanning probe microscope and cantilever with a
diamond coated tip?. Kelvin probe measurements [22]
were performed in the dual scan mode. In the first scan,
topography information was obtained, and on the sec-

) Polymethil methacrylate.
2) We used commercially available scanning probe microscope
SP-47 and DCP11 cantilevers by NT-MDT.
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ond scan, the potential in the Kelvin probe mode was
measured. Kelvin probe measurement was performed
as follows. An ac voltage at the resonance frequency of
the cantilever (fy) and a dc voltage were applied to the
conductive cantilever and mechanical oscillations of the
cantilever were detected with a photodiode. A feedback
signal was adjusted by the dc voltage to maintain the
amplitude of the cantilever oscillations equal to zero.
The applied dc voltage was recorded during the second
scan.

In the Kelvin probe experiment, the difference in
the potential between the tip and the sample was mea-
sured, and therefore an additional calibration of the ex-
perimental setup was necessary; Pd contacts were used
as a material with the known work function. Measure-
ments of the work function of carbon nanotube sam-
ples were performed in air conditions. Before mea-
surements, the samples were placed on a hot plate
(T = 110°C) for 3 h to remove water from the sur-
face of carbon nanotubes. Values of the measured work
function with the Kelvin probe method on carbon nan-
otubes were stable and reproducible for the next 6 h.

Local differential capacitance measurements were
also performed in a dual scan mode [23]. As in Kelvin
probe measurements, the first scan gathered topogra-
phy information and the second scan measured the ca-
pacitance itself. During the second scan, the ac signal
f = fo/2 was applied to the conductive cantilever and
a signal at the frequency fp was detected with a pho-
todiode and recorded. This signal is proportional to
the differential capacitance dC'/dz and is independent
of the difference of the dc potential between the tip and
the sample.

It was shown previously that noncontact ac and
dc electrostatic force measurements allow determining
the conductive electron density and the potential dis-
tribution in carbon nanotubes, identifying defects or
incident changes of the SWCNT chirality, or finding
a position of the band gap [24]. Figures 1b and le
clearly demonstrate a possibility to use Kelvin probe
measurements to gather similar information. Noncon-
tact ac and dc electrostatic force measurements, as well
as Kelvin probe measurements, are actually based on
the fact that the force of the tip-to-surface interaction
is proportional to (dC'/dz)(Viip — Vsurs). This value
can be extracted from the amplitude of mechanical os-
cillations of the cantilever while actuation of oscilla-
tions and their detection are done at fo (Viip and Viyrs
are potentials of the tip of the microscope and of the
surface under investigation). Using LCM as a counter-
part measurement to extract deviations of the dC'/dz
value, it is possible to make the surface potential map-
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Fig.1. Topography of an MWCNT sample (a), an LCM scan at Veg = 0 V (b), and images made with the Kelvin probe
technique at Veg = 0V (c) and Vea = —5 V (d). The value of the work function of this carbon nanotube can be extracted
from Fig. 1c and is equal to 4.95 eV

ping procedure more reliable. Previously, the value of
dC'/dz was assumed to be constant [24].

The presence of the metallic mesh and back gate
creates an additional possibility of investigating the
band structure of carbon nanotubes with the Kelvin
probe and LCM techniques. To obtain better resolu-
tion, the setup was tuned to minimize the tip-to-surface
distance during the second scan, which in some cases
produced an interference signal in the Kelvin probe or
LCM images originating from the topography of the
sample (height steps). The precision of the extracted
value of the work function is 0.01 eV.

3. EXPERIMENTAL RESULTS AND
DISCUSSION

First, a set of measurements of the work function
was carried out on an MWCNT sample. Topogra-
phy images were first recorded using the nonconducting
cantilever to find positions of nanotubes; then the can-

tilever was changed to the conductive one to perform
Kelvin probe and LCM experiments. Scans were ac-
quired at different backgate voltages (Va¢) in the range
from —10 V to 10 V in order to reveal the whole net of
carbon nanotubes. To measure the unbiased value of
the work function, the applied backgate voltage was ad-
justed to minimize the influence of the SiOs substrate
on the potential of the tube.

The topography image of an MWCNT is presented
in Fig 1a; the measured diameter of the tube is 12 nm.
Figure 1b presents LCM of the nanotube at Vpg =0 V.
Brighter regions correspond to higher differential con-
ductivity. It can be clearly seen that the MWCNT has
a good conductivity along the whole tube. The same
result was obtained in the whole range of backgate volt-
ages from —10 V < Vpg < 10 V. This indicates that at
least one metallic shell is present in the MWCNT un-
der investigation. Figures 1¢ and 1d show experimental
Kelvin probe scans at Vgg = 0V and Vg = =5V
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respectively. Kelvin probe microscopy measurements
enabled us to extract the value of the MWCNT work
function, ® = 4.95 eV.

The topography image of a pristine SWCNT sam-
ple indicate the presence of both individual SWCNTs
with typical diameters 2 nm and SWCNT bundles with
diameters 10 nm (Fig. 2a). A Kelvin probe measure-
ment at Vpe = 0 V (Fig. 2b) gives the values of the
work function in the range 4.95 eV < & < 4.98 eV
for individual SWCNTs and 5.00 eV < & < 5.05 eV
for SWCNT bundles. Figure 2¢ demonstrates a Kelvin
probe measurement at Vg = —5 V. It is clearly seen
that a part of the SWCNT disappears from the Kelvin
probe microscopy image. This peculiarity obviously
originates in a change of the SWCNT chirality, which
essentially decreases its conductivity at low backgate
voltages. This peculiarity is also presented at an LCM
scan (Fig. 2d) done at Vpg = —10 V.

Figures 3a and 3b represent the topography image
and Kelvin probe measurements at Vgg = 0 V for
a Cul-intercalated SWCNT. The absolute contrast in
the Kelvin probe microscopy image, in concert with
sample topography, allowed suggesting the presence of
three types of SWCNTSs characterized by the work func-
tion values ® &~ 5 eV, which is characteristic of pris-
tine SWCNT bundles (the dark-line low left corner in
Fig. 3b starts from (0 gum, 0 pm) to (1.8 pm, 1.8 pm));
® =~ 4.97-4.98 eV, characteristic of individual SWC-
NTs (extension from (1.8 pm, 1.8 pum) to (2.3 um,
2.3 um)) of the dark-line low left corner in Fig. 3b with
the transformation from the SWCNT bundle to indi-
vidual SWCNTs clearly identifiable in the topography
mapping picture in Fig. 3a; and ® ~ 4.86-4.96 eV cor-
responding to Cul-intercalated SWCNTs (bright curves
and spots in Fig. 3b). Figure 3¢ presents an LCM scan
at Vgp = 0 V. The conductivity of the whole net of
nanotubes is clearly visible and intercalation of Cul
does not result in an essential decrease in the conduc-
tivity in doped SWCNTs.

The obtained experimental values of the work func-
tion of SWCNTs and MWCNTs (4.95-4.98 eV) are sim-
ilar to and slightly lower than the values of the work
function of SWCNT bundles (5.00-5.05 eV). This is
in qualitative agreement with theoretical predictions in
Ref. [25].

The increase in the work function in tube bundles
can be understood if the intertube Van der Waals in-
teractions are taken into account [26]. Our experimen-
tal data do not demonstrate a significant variation of
the work function values measured on pristine nan-
otubes, which is in contradiction to other experimental
data such as field-emission spectra [27,28]. But our
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data are quite similar to secondary-electron photoe-
mission electron microscopy results that demonstrated
that nearly 90% of the work functions of SWCNTs
and SWCNT bundles are distributed within an energy
range of 0.2 €V [29]. Although the work function can
be estimated from the field emission spectra based on
the Fowler—-Nordheim model, the results are not reli-
able due to the uncertainty in the local geometry of
nanotubes [30]. Intuitively, the deviation of the work
function values on the tip of a carbon nanotube looks
rather reasonable and many experimental papers insist
on electron emission from the tube tips [27]. However,
we did not observe significant deviations of the work
function on the tips for all kinds of pristine carbon nan-
otubes in our experiments, which is in good agreement
with the secondary-electron photoemission electron mi-
croscopy data mentioned above [29].

In Ref. [31], measurements of the work function
were performed on MWCNTs. The obtained work func-
tion values distributed within an energy range of 0.8 eV
are split into two groups, ® = 4.6-4.8 eV associated
with metallic outer-shell MWCNTs and & = 5.6 eV
semiconducting outer-shell MWCNTs. No significant
difference in the values of the work function between
metallic and semiconducting SWCNTs was observed
in our experiment (see Fig. 2b). The measured work
function value 4.95 eV of an MWCNT with metallic
behavior (see Fig. 1¢) is quite close to the previously
measured values [31].

An application of Kelvin probe microscopy com-
bined with LCM measurements for investigation of
Cul-intercalated SWCNTs demonstrates an essential
variation of the work function value along the Cul-
intercalated SWCNTs (see Fig. 3b).  This result
can be explained by peculiarities of the structure
of the one-dimensional Cul nanocrystal inside an
SWCNT [18]. As mentioned above, Cul is an acceptor-
type dopant [17] and the amount of rearranged charge
might depend on the Cul nanocrystal structure, which
is not uniquely defined in the SWCNT channel. As a
result, the value of the measured work function must
vary as well (see Fig. 3b). We note that the length
of a Cul-intercalated SWCNT with a constant work
function (and probably with a single crystal of Cul in-
side) may exceed one micron and is long enough for
possible preparation of a quantum dot with electron-
beam lithography. Figure 3¢ shows that reorganization
of Cul crystal inside an SWCNT does not essentially
change the conductivity of the SWCNT intercalated by
Cul at room temperature. To reveal this influence, ad-
ditional experiments in cryogenic conditions must be
performed.
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Fig.2. Topography image of an SWCNT sample (a) and Kelvin probe measurements at Vgg =0V (b) and Vg = —5 V

(¢). Values of the work function in range from 4.95 to 4.98 eV are measured for the SWCNT and values of the work function

from 5.00 to 5.05 eV are established for the SWCNT bundle. It is clearly visible that a part of the SWCNT has different

chirality and essentially decreases its conductivity at low back gate voltages, so this part of tube disappears from the Kelvin
probe scan. A similar feature is presented in the LCM scan d done at Vg = —10 V
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Fig.3.  Topography image of a Cul-intercalated
SWCNT sample (a), the Kelvin probe measurement
(b), and the LCM scan done at Vea = 0 V (¢).
Two bright spots ((2.3 um, 3.5 pm) and (4.2 pm,
5.5 um)) and bright curves are clearly visible on the
Kelvin probe scan and reveal positions of Cul impuri-
ties inside the SWCNT. A dark line in Fig. 3b is asso-
ciated with the pristine SWCNT bundle (the line from
(0 um, 0 pm) to (1.8 um, 1.8 um)) and with the
individual SWCNT (the line from (1.8 um, 1.8 um)
to (2.3 pm, 2.3 um)). Obtained values of the work
function are ® =~ 5.00 eV for the SWCNT bundle,
® =~ 4.97-4.98 eV for the SWCNT, and values of ®
for the Cul-intercalated SWCNT lay in the range from
4.86 to 4.96 eV

4. CONCLUSION

We have performed a set of measurements of
carbon nanotube samples using LCM and Kelvin
probe techniques. We demonstrate that both the LCM
and Kelvin probe noncontact methods can be used to
distinguish semiconducting and metallic nanotubes.
We confirm the values of the work function of carbon
nanotubes and carbon nanotube bundles measured
previously with different techniques (® ~ 4.97-4.98 eV
for SWCNT). For the first time, measurements of the
work function were performed for SWCNTs interca-
lated by Cul. Kelvin probe scans revealed positions
of Cul dopants in the SWCNT channel and allowed
determining the local value of the work function equal
to 4.86-4.96 eV. LCM demonstrated that there is no
significant decrease in the conductivity in Cul-doped
SWCNTs. The influence of chemical doping on the
conductivity of carbon nanotubes at low temperatures
is still an open question and requires an additional
investigation.
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07-02-00098), programs of the Russian Academy of Sci-
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tific Schools.
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