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We report the direct experimental observation of the semiconductor-metal transition in single-wall
carbon nanotubes (SWNTs) induced by compression with the tip of an atomic force microscope. This
transition is probed via electric force microscopy by monitoring SWNT charge storage. Experimental data
show that such charge storage is different for metallic and semiconducting SWNTs, with the latter
presenting a strong dependence on the tip-SWNT force during injection. Ab initio calculations corroborate
experimental observations and their interpretation.
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The intriguing properties of carbon nanotubes have been
scrutinized by a host of researchers, which have harvested
enormous amounts of important information [1–17]. In
particular, the ability of SWNTs to change their electrical
conductance due to mechanical deformation received at-
tention from both theoretical and experimental works,
evidencing the potential use of SWNTs in device fabrica-
tion [1–4,8–14]. The semiconductor-metal transition in
semiconducting SWNTs due to radial compression is a
good example. Although predicted several years ago [2–
4] there is a single, indirect, piece of experimental evidence
of this effect (in accidentally deformed SWNTs) in the
literature [5]. In this Letter, we report the direct experi-
mental observation of this effect via electric force micros-
copy (EFM).

Isolated SWNTs were grown by CVD on a 100 nm-thick
SiOx layer on top of a p-doped Si substrate using Fe
nanoparticles as catalyzers. After growth, each lithograph-
ically marked sample is characterized via backscattering
micro Raman spectroscopy enabling the semiconductor-
metallic characterization and a probable (n,m) indexing of
the SWNTs [6,7,18]. Then, each Raman-labeled SWNT is
imaged by AFM to check its morphology and, finally, the
charging experiment takes place. Scanning probe micros-
copy measurements were carried out under dry nitrogen
atmospheres (in most cases), or in air (in some cases) with
the help of homemade environmental control chambers.
AuCr-covered silicon cantilevers with nominal spring con-
stant k� 0:3 to 0:6 N=m, nominal radius of curvature R�
30 nm and resonant frequency !0 � 20 to 40 kHz were
employed throughout this work for AFM (contact and
intermittent contact modes) and EFM characterization.
More accurate estimations of k and R were carried out by
the use of the Sader’s method [19] and by imaging refer-
ence samples, respectively.

Figure 1(a) describes schematically the charging pro-
cess: the SWNT is charged through contact with a properly
biased (VINJ) AFM tip [15–17]. Both tip bias VINJ and tip-

SWNT force F during the charging process can be easily
controlled, while tip-SWNT contact time tINJ is kept fixed
(tINJ � 1 s) [15–17]. Differently from previous studies on
SWNT charging, no bias is applied between tip and sample
during the second pass (EFM) imaging [15–17]. Therefore,
the extra SWNT charges induce image charges of opposite
sign in the EFM tip during the second pass, leading to an
attractive tip-sample interaction which shifts the cantilever
oscillation frequency to lower values [20]. Figures 1(b) and
1(c) show typical AFM and EFM images of SWNTs in-
vestigated in this work. Like the (14,6) semiconducting
nanotube shown in Fig. 1(b), all SWNTs are from several
hundreds nanometers to a few microns long placed atop a
clean SiOx surface. Its EFM image in Fig. 1(c) shows the
negative frequency shift of the cantilever (down to dark
blue colors) relative to the uncharged SiOx surface (in
orange), demonstrating the presence of unbalanced charges
in this SWNT [15–17,20]. Figure 1(c) also shows that the
charge, in spite of being injected in the SWNT on a specific
location [see Fig. 1(a)], is uniformly distributed along the
SWNT length [15–17].

The amount of unbalanced charges in a given SWNT can
be estimated from EFM images through a simple model
considering the electric field of a long one-dimensional
wire carrying a charge density � per unit length. The gen-
eral theory of EFM shows that the frequency shift �!
measured in EFM images is directly related to the gradient
of the electrostatic tip-sample force F0 due to the electric
field E by �! � !0�2k�

�1F0, where !0 and k are the
cantilever resonant frequency and spring constant, respec-
tively [20]. Therefore, the charge density per unit length �
in a SWNT is related to the frequency shift �! measured
in EFM images by � � �4��kz2!�1

0 L�1
ef �!�1=2, where z

is the tip-SWNT distance during EFM imaging, � is the
electrical permittivity of the air, and Lef is the effective
length of tip-SWNT interaction. As a first approximation,
Lef can be taken either as the tip diameter or as the tip-
SWNT distance, whichever is larger. For the conditions of
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the present work, the tip-SWNT distance during EFM
measurements is always larger than the tip diameter.

The compressive force per unit length exerted by the
AFM tip onto a SWNT was estimated through a simple
procedure: initially, the total compressive tip force F is
calculated via conventional force-distance plots [19].
Then, an AFM image of the investigated SWNT is acquired
and since SWNT radius is more than an order of magnitude
smaller than tip radius, the apparent nanotube width is
actually, due to the strong convolution, a depiction of the
tip apex [20]. Therefore, the tip-SWNT contact length is
estimated simply by measuring the nanotube apparent
width (the Full-Width-at-Half-Maximum of the nanotube
AFM profile).

In order to search for the semiconductor-metal transition
in SWNTs, two experiments were devised: initially, a pair
of Raman-labeled metallic and semiconducting SWNTs
with similar diameters is chosen and a survey of the

injected charge on each SWNT as a function of tip bias
VINJ is carried out. In this experiment, the tip-SWNT
compressive force F is kept at a minimum value, which
is enough to assure good electric contact between them, but
does not cause any significant deformation of the nanotube
[11]. In the present experiments, F per unit SWNT length
is kept between 0:2 N=m and 0:4 N=m. Figure 2(a) shows
the detected linear charge density � as a function of tip bias
VINJ for a (14,6) semiconducting SWNT (red triangles) and
a (10,7) metallic SWNT (black squares). Similar plots for
several metallic and semiconducting SWNTs with differ-
ent chiralities were produced during this work and all of
them present the same features: metallic SWNTs always
present a symmetric charge-bias plot and a minimum bias
of �� 2 V is necessary for unbalanced charges to be
detected at the nanotube. Such observation is an intrinsic
effect [21,22] and is not related to any poor electrical
contact between tip and nanotube as shown at the I�V�

FIG. 2 (color online). (a) Plot of the charge density � (in
electrons/nm) as a function of injection bias VINJ for a (10,7)
metallic nanotube (black squares) and a (14, 6) semiconducting
nanotube (red triangles). The inset shows an I(V) curve acquired
with the tip in contact with a thin metallic (Mo) film. (b) Plot of
the charge density � as function of the applied compressive force
per unit length for (12,6) metallic nanotube (black squares) and
(18,4) semiconducting nanotube (red triangles). The evolution of
the apparent height (diameter) of the (18,4) semiconducting
SWNT with applied force is also plotted in this graph (green
circles). The dashed lines are guides for the eye.

FIG. 1 (color online). (a) Schematic drawing representing the
experiment: a SWNT (in orange) on top a silicon oxide layer (in
blue) is charged through the contact with an AFM tip (in green)
biased at VINJ while it is pressed with a controlled force per unit
length F. (b) 3D AFM image of a (14,6) semiconducting SWNT
atop the SiOx layer. (c) 3D EFM image of the same nanotube
after it has been charged (VINJ � 6 V, lift height � 50 nm)
evidencing the negative frequency shift of the cantilever.
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curve in the inset of Fig. 2(a). This curve, acquired with the
tip in contact with a thin metallic film at the same tip-
sample force of the plots in Fig. 2(a), evidences the Ohmic
nature of the tip-sample contact even at low bias (the
observed resistance of �10 M� is simply the series re-
sistance of the current measurement circuit). Nevertheless,
Fig. 2(a) shows an important difference when comparing
metallic and semiconducting SWNTs: charging semicon-
ducting SWNTs is nonsymmetrical with respect to bias
(the bias threshold is always larger for negative tip bias
VINJ) and for a given bias, the detected linear density of
unbalanced charges is also smaller for semiconducting
nanotubes [18]. It is important to note in Fig. 2(a) the
strikingly different behavior of these two nanotubes at
bias VINJ � �3 V: while the metallic SWNTs shows a
substantial charge density, no charge at all is injected/
detected in the semiconducting nanotube. Therefore, such
bias condition presents an ideal prospect for the second
devised experiment: keeping both bias VINJ and tip-SWNT
contact time tINJ constant, the injected charge density on
each nanotube is monitored as a function of the compres-
sive tip-SWNT force during injection. Again, this experi-
ment was repeated several times for different metallic and
semiconducting SWNTs with similar results which are
typically represented by the plots in Fig. 2(b). This figure,
acquired for a (12,6) metallic and a (18,4) semiconducting
nanotubes, shows the measured charge density � as a
function of the compressive force per unit length applied
onto each nanotube by the tip. The metallic SWNT (black
squares) presents only a weak dependence of the tip force
on the charging process, while for a semiconducting
SWNT, such charging is strongly force dependent: for
small forces per unit length (�2 N=m), no charge is de-
tected at the SWNT [as expected from Fig. 2(a)]. When the
compressive force is increased between 3 N=m and
7 N=m, a remarkable effect is observed: a steady increase
of the stored charge per unit length in the semiconducting
SWNT (red triangles). When the tip compressive force per
unit length is increased further, above 8 N=m, a saturation
is observed, achieving similar charge densities of the me-
tallic SWNT at such forces. Therefore, the data in Fig. 2(b)
indicates a transition of the semiconducting SWNT to a
metallic behavior as it is compressed. In order to gain
further insights into this effect, the semiconducting
SWNT was imaged in contact-mode AFM and its apparent
diameter d (height) was measured as a function of the
applied compressive tip force. The diameter evolution
with force is also plot in Fig. 2(b) (green circles), showing
its steady decrease as the nanotube is further compressed
(up to 6 N=m) [23]. The experimental results shown in
Fig. 2(b) indicate that the energy barrier for charge injec-
tion from the AFM tip into the (18,4) nanotube becomes
similar to that of the (12,6) metallic nanotube for compres-
sion forces larger than 7 N=m. We claim that, at this point,
the bandgap of the (18,4) nanotube vanishes and the tube
becomes metallic.

Is this assumption supported by theory? Indeed, the
bandgap closure of semiconducting nanotubes upon radial
deformation has long been theoretically predicted [2–4].
In order to gain further insight on this phenomenon, we
performed ab initio calculations for the (20,0) and the
(18,4) nanotubes, which have similar diameters. These
calculations are performed with the pseudopotential den-
sity functional theory [24–26] within the generalized gra-
dient approximation [27] as implemented in the SIESTA

[28,29] code. In our calculations, the nanotube cross sec-
tion was progressively flattened following the model de-
scribed in Ref. [2], leading to structures as the one shown in
Fig. 3(a), which are characterized by the flattening distance
(height) d. The behavior of the energy gap as a function of
d is depicted in Fig. 3(b) for the (20,0) nanotube, and it
indicates a semiconductor-metal transition at d �
0:55 nm. We also performed calculations of the compres-
sive force on the (20,0) nanotube. This was carried out in
two different ways: first, from the total energy E, which
behaves as d�1, as shown in a previous work [2]. We fit E
to a curve E � E0 � a=d and take the derivative with
respect to d. This is shown in the inset of Fig. 3(b) as a
straight black line. This procedure leads to a calculated
semiconductor-metal transition at F � 4:4 N=m. The total
force can also be directly obtained in the first-principles
calculations by summing up the components of the rema-
nent forces in the flattening direction over the atoms of the

FIG. 3 (color online). (a) Calculated optimized geometry of a
flattened (20,0) SWNT, characterized by a compressed diameter
d � 0:66 nm. (b) Calculated bandgap of the (20,0) SWNT as a
function of its compressed diameter d showing a semiconductor-
metal transition at d � 0:55 nm. The inset shows the compres-
sive force per unit length, calculated both from the fitting of the
total energy to E � E0 � a=d (black line) and directly from the
constraint forces (red circles).
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upper (or lower) constraint region. This is also shown in the
inset of Fig. 3(b). This second procedure leads to a metal-
lization of the (20,0) nanotube at F � 4:0 N=m, consistent
with the first one, and also consistent with the ‘‘onset’’ of
the transition in Fig. 2(b). The 824-atom unit cell of the
(18,4) nanotube prevents a high-level ab initio calculation
for this nanotube. However, semiquantitative trends may
be obtained with a smaller basis set (minimal basis). Such
calculations for the (18,4) nanotube indicate that a
semiconductor-metal transition will take place, however
at a larger compression (d� 0:4 nm). Considering the d�2

dependence of the applied force, this would imply in a
critical force (F=l� 8 N=m) that is almost twice as the
calculated one for the (20,0) nanotube, and that would be
more consistent with the ‘‘end’’ of the transition in
Fig. 2(b). Altogether, the analysis for the (20,0) and the
trends for the (18,4) nanotube reinforces the assumption of
a semiconductor-metal transition induced by compression
as responsible for the charging injection results observed in
the experiment.

In conclusion, this Letter reports on a direct experimen-
tal observation of a long-predicted semiconductor-metal
transition in SWNTs. It is important to note that such
transition is completely reversible: once the compressive
force ceases, the SWNT recovers its original semiconduct-
ing character. Therefore, for a given semiconducting nano-
tube, it is possible to create reversible semiconductor-metal
junctions at will along its length. Such result may open up
several design possibilities for electrical devices, dynami-
cally changing charge transport properties along the
SWNT through the application of a ‘‘force gate’’
[8,11,12,22]. Finally, as a by-product of the present work,
the developed method (monitor unbalanced charges in
SWNT as functions of bias and compressive force) turns
out to be a reliable method for easy determination of the
metallic/semiconducting character of any given SWNT. In
other words, there is no need of tedious lithography pro-
cesses to check one, or a few, SWNTs of a given batch
through I(V) characterization, nor it has the limitation of
discriminating only SWNTs which, by chance, happen to
be in resonance, and with the right orientation, with a laser
beam; the present methodology can be applied to any
SWNT, assessing its metallic/semiconducting character
on a process-free as-grown sample.
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