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S
canningphotocurrentmicroscopy (SPCM)
is a powerful tool to investigate the prop-
erties of nanoelectronic devices such as

carbon nanotube- (CNT),1�3 graphene-4,5 or
inorganic nanowire-6,7based field-effect tran-
sistors. In this techniquea focused laserbeam is
raster scanned across a device and the gener-
ated photocurrent is recorded at the same
time. SPCM provides valuable information on
any source of built-in electric fields including
internal pn-junctions,8 local defects9 and nano-
structure�metal interfaces.1�3,10 The latter
are part of virtually all nanoscale devices and
govern their overall performance.11�13 At the
metal contacts the current signal at zero bias
is known to have at least two contributions.
One results from the photovoltaic effect, that
is, the separation of the photoexcited charge
carriers caused by local built-in electric fields.
Thesefields exist at the contact regionsdue to
the formation of energy barriers and could
also occur along the nanostructure caused by
sample heterogeneities or external perturba-
tions. In the case of CNT FETs consisting of a
semiconducting channel, the width and
height of the Schottky barriers formed at the
contacts determine its switching action, since
they control the charge carrier injection into
the CNT channel.1 For metallic CNTs photo-
current signals at the contacts have also been
observed and attributed to the formation of
energy barriers similar to the case of semi-
conducting CNTs.10 Besides the photovoltaic
contribution, there is evidence of an addi-
tional contribution to the zero bias current
signal which stems from the illumination of
the electrodes near the contact region.14�16

This contribution is due to laser heatingof one
of the electrodes and canbe thermoelectric in
origin or causedby thermo-assisted tunneling
of charge carriers through the energy barrier.

Up to now, nearly all SPCM measure-
ments reported so far have been restricted
to a spatial resolution of few hundred nano-
meters due to the diffraction limited size of
the laser focus, making it impossible to
optically characterize a device on the nano-
scale. Therefore, the photothermal pro-
cesses at the electrodes and the photo-
voltaic effect mentioned above could not
be separately imaged in the past, since
illumination of the band bending region at
the contacts goes hand in hand with illumi-
nation of the electrodes due to the lack of
sufficient spatial resolution. In addition, photo-
voltaic contributions originating from subdif-
fraction potential variations along the CNT
couldnotbedetecteddue to spatial averaging.
In this manuscript we present a high-

resolution scanning probe technique that
merges the fields of photovoltaics and
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ABSTRACT We present the first photocur-

rent measurements along single carbon nano-

tube (CNT) devices with 30 nm resolution. Our

technique is based on tip-enhanced near-field

optical microscopy, exploiting the plasmonically

enhanced absorption controlled by an optical

nanoantenna. This allows for imaging of the

zero-bias photocurrent caused by charge se-

paration in local built-in electric fields at the contacts and close to charged particles that

cannot be resolved using confocal microscopy. Simultaneously recorded Raman scattering

images reveal the structural properties and the defect densities of the CNTs. Antenna-

enhanced scanning photocurrent microscopy extends the available set of scanning-probe

techniques by combining high-resolution photovoltaic and optical probing and could become a

valuable tool for the characterization of nanoelectronic devices.

KEYWORDS: single-walled carbon nanotubes . optical antennas . tip-enhanced
near-field optical microscopy . scanning photocurrent microscopy . nanoscale
devices
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plasmonics. It exploits the strong electromagnetic field
enhancement in the vicinity of an illuminated metallic
nanoparticle to locally increase the absorption and
hence charge carrier generation in nearby photoactive
materials.17,18 We experimentally demonstrate a new
realization of this concept using a sharp gold tip that
acts as a nanoantenna converting free-propagating
radiation into localized energy and vice versa19,20

(see Figure 1). We apply this technique to CNT-based
devices and use it to simultaneously probe potential
modulations of the electronic bands and the Raman
scattering signaturewith sub 30 nm resolution. Besides
achieving superior resolution as compared to pre-
vious confocal and near-field optical photocurrent
studies,4,21 the present technique is also shown to
provide improved detection sensitivity for both photo-
voltaic and optical probing.

RESULTS AND DISCUSSION

Figure 2a displays a confocal photocurrent image of
a contacted carbon nanotube with an electrode se-
paration of about 500 nm (device A) depicting two
almost symmetric signals of opposite signs occurring
at the source (S) and drain (D) electrode, the typical
features of a diffraction-limited SPCM image.1�3,10,25

The frequency of the radial breathing mode (RBM) of
190 cm�1 obtained by Raman spectroscopy (see Sup-
porting Information, Figure 1) and the resonance con-
dition at the laser wavelength of 632.8 nm indicate that
the nanotube is metallic.26

Antenna-enhanced photocurrent and Raman images
of device A, presented in Figure 2 panels b and c,
respectively, are obtained by scanning the sample with
respect to ametal tip centered in the laser focus in close
proximity. The photocurrent image in Figure 2b shows
two narrow subdiffraction contributions of opposite
sign extending from the electrode regions following
the Raman signature of the carbon nanotube in
Figure 2c. In scanning probe microscopy the width of

the signal canbe taken as the spatial resolution,which in
general scaleswith thediameter of the probe. Thewidth
of the cross section wpc taken along the black dashed
line in the photocurrent image in Figure 2b shown
together with its corresponding Gaussian fit function
in Figure 2d demonstrates a spatial resolution of about
28 nm. We thus conclude that the enhanced photo-
current signal originates from a 28 nm long nanotube
section located underneath the scanning tip. The width
of the simultaneously recorded Raman signal wR at the
same position is about 19 nm (see Figure 2d). The ratio
between the line width of photocurrent and Raman
signal ofwPC/wR = 28/19=1.47 is approximately equal to√
2 and is nearly constant along the whole CNT (see

Supporting Information, Figure 2). This ratio is expected
from the model depicted in Figure 1 considering the
enhancement mechanisms of optically and electrically
detected signals. The antenna-enhanced fields cause
increased excitation and, due to reciprocity, emission
rates. The field enhancement factor f is usually defined
as the ratio between the local electric field at the tip and
the incident field f = Etip/E0. The enhancement of the
excitation rate is thus given by kex,tip/kex,0= f2. In the case
of Raman scattering in CNTs where the excitation
wavelength is close to the emission wavelength of the
G-band similar enhancement factors result for excitation
and emission. The intensity of optically detected Raman
scattering IR hence scales with f4. A factor of

√
2 for

the ratio of the linewidths of the Gaussian cross
sections suggests that IR � (IPC)

2, which implies that
the enhanced photocurrent signal scales with f2. This is
consistent with the fact that for the electrically detected

Figure 1. Schematic of antenna-enhanced photocurrent
microscopy. The optical antenna locally increases both ex-
citation and emission rates each scaling with the square of
the field enhancement factor f.22,23 In near-field microscopy
this is optically detected for examplevia tip-enhancedRaman
scattering scaling with approximately f4.24 In antenna-
enhanced photocurrent microscopy the increased excitation
rate leads to a stronger photocurrent ∼ f2 as demonstrated
here for an electrically contacted carbon nanotube.

Figure 2. Antenna-enhanced imaging of a single CNT. (a)
Confocal photocurrent image of device A. The positions of
source (S) and drain (D) electrodes are indicated by dashed
white lines. The scalebar indicates 1 μm. (b and c) Antenna-
enhanced photocurrent and Raman images obtained by
scanning the black rectangular region in panel a. The Raman
image represents the G-band intensity measured as photon
count rate. The rather uniform Raman signal intensity
indicates an almost constant antenna enhancement. The
scalebar is 100 nm. (d) Cross sections taken along the
dashed black lines in panels b and c together with their
Gaussian fits. The spatial resolution of the photocurrent
image taken as the full width at half-maximumwPC is about
28 nm. The value obtained from the Raman signal is wR =
19 nm, about a factor of 1/

√
2 smaller.
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photocurrent signal the enhancement only affects the
excitation rate.
By performing Gaussian fits for each line in Figure 2b

the antenna-enhanced signal can be extracted from
the background resulting from confocal far-field ex-
citation of the CNT and the electrode region. Its
amplitude along the nanotube is plotted in Figure 3a.
Since the enhancement takes place within a nanotube
section of about 30 nmat the position of the antenna at
distances of up to few 100 nm away from the electro-
des, we conclude that the enhanced photocurrent
signal cannot be due to laser-illumination of the
electrode, but results from locally enhanced optical
excitation of the CNT. Separation of the photoexcited
charge carriers at zero bias requires a local built-in
electric field that stems from band bending at the
metal contacts extending into the CNT. Its decay length
l is quantified in the following. For 1D nanostructures
linear scaling between the photocurrent IPC and the
electric field expressed as the band gradient corre-
sponding to IPC � �dE/dr has been reported, where

r denotes the position along the structure and E is the
energy of the electronic band.3,9 Integrating the photo-
current signal recorded along the CNT in Figure 2b, one
obtains the band energy profile. The band profile can
bewell described by the sum of two exponential decay
curves with equal decay length l and amplitude shown
as a red curve in Figure 3a (see Supporting Information,
eq 1 for the fit function). The common decay length of
the two single exponentials is l = 517 nm(210 nm. Our
results are in agreement with theoretical predictions,
stating that the band energy of a CNT decays expo-
nentially with the distance from the contacts due to its
small geometry.27

From the enhanced Raman and photocurrent sig-
nals we estimate the photocarrier quantum efficiency
defined as the ratio between the number of created
carriers and absorbed photons to be on the order of
10�3 close to the contacts (for details see Supporting
Information, Note 1). We note that local laser heating
along the CNT followed by heat transport could in
principle lead to an asymmetric temperature increase
at the electrodes resulting in an indirect photothermal
contribution to the detected current. This contribution
from a nanoscale CNT section is expected to be far
smaller than what is observed upon direct confocal
illumination of one of the macroscopic electrodes (see
Figure 2a). However, our experimental data for con-
focal and antenna-enhanced photocurrent signals are
on the same order of magnitude, which indicates that
local laser heating along the CNT is not the dominating
process.
Figure 3a indicates a downward bending of the band

at the contacts. This is confirmed by I�V curves
recorded illuminating the CNT at either source or drain
contact (Figure 3b). From the dark curve it becomes
evident that a positive current corresponds to an
electron flow from source to drain. Illuminating the
drain contact offsets the I�V curve by a positive
photocurrent IPC implying that additional electrons
flow onto the drain electrode. From this we conclude
that a positive photocurrent corresponds to a down-
ward band bending. To summarize our findings for
device A, antenna-enhanced photocurrentmicroscopy
allowed us to image the photovoltaic contribution
separately from the electrode contribution and to
resolve the spatial extension of the band bending at
the metal contacts that can be described by an ex-
ponential decay.
A second metallic device B with longer channel

length (∼1 μm) was investigated to study band energy
fluctuations along a single nanotube. As for device A,
the metallic character of the CNT was deduced from
the Raman spectrum (see Supporting Information,
Figure 1). Figure 4 panels b and c show the simulta-
neously recorded antenna-enhanced photocurrent
and Raman G-band images. In contrast to device A,
device B exhibits an additional change of sign of the

Figure 3. Band bending. (a) Antenna-enhanced photocur-
rent signal along the CNT of device A (black round symbols).
The missing data points in the middle correspond to the
region where the enhanced signal was too weak to perform
a Gaussian fit. The photocurrent signal integrated in space
along the CNT reconstructs the band energy profile (blue
square symbols) fitted by a sum of two exponential decay
curveswith opposite sign (red curve) resulting in a common
decay length of l = 517 ( 210 nm. The large uncertainty is
due to the superposition of symmetric band bending con-
tributions from the two contacts with opposite sign that
cancel in the middle of the CNT and does not reflect signal
noise. (b) Source�drain I�V curves recorded under confocal
illumination of the nanotube at either source or drain
electrode. The curves experience either a positive or nega-
tive offset IPC indicating the direction of electron flow at the
respective electrodes.
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photocurrent occurring in the middle of the device,
approximately at the position of the dashed horizontal
yellow line in Figures 4a�c. This change of sign
indicates that the photocurrent is not caused by an
asymmetric temperature increase at the electrodes
after local laser heating along the CNT and supports
its assignment to charge separation by local built-in
electric fields. The effect of direct confocal laser heating
of the electrodes exists and is shown for device B in the
Supporting Information, Figure 3.
Integrating the photocurrent signal along the length

of the nanotube reconstructs the band energy profile
as discussed above (Figure 4d). The band features a
linear offset, which we attribute to charging of the
substrate during the scanning process.9 Figure 4e
shows the result after slope subtraction together with
the topography profile along the CNT. The local mini-
mum in the electronic band of the CNT at 570 nm
coincides exactly with the position of a particle seen in
the topography data in Figure 4a,e. We thus attribute
the additional photocurrent signal to the presence of
charges associated with this particle. The derived band
energy profile therefore reflects a superposition of the
contributions from the contacts and the particle, mak-
ing it unfeasible to quantify the decay length of the band
bending at the contacts as it was done for device A.
However, we note that for both devices the decay
happens on the same length scale of few hundred
nanometers. Remarkably, the photocurrent fluctua-
tions cannot be detected in the confocal image due

to spatial averaging (see Figure 4f and Supporting
Information, Figure 3). Upon closer inspection of the
near-field data, two less pronounced photocurrent
signatures at 150 and 1000 nm can also be correlated
with particles occurring in topography (compare Fig-
ure 4 panels d and e). On the basis of this spatial
correlation we believe that in the present case the
observed potential modulations are caused by
charged particles rather than structural defects within
the CNT reported before.9 Structural defects in CNTs
can be studied by Raman spectroscopy leading to char-
acteristic D-band scattering.26,28,29 We support our
interpretationby recording simultaneous high-resolution

Figure 4. Antenna-enhanced imaging of photocurrent fluctuations along a single CNT (device B). (a) Topography image. The
drain and source electrodes appear at the top and at the bottomof the image. (b and c) Antenna-enhanced photocurrent and
RamanG-band image. The scalebar is the same as in panel a. The dashed yellow linemarks the position of the central particle.
(d) Amplitude of fitted antenna-enhanced photocurrent signal along the CNT (black round symbols). The integrated
photocurrent signal (blue square symbols) reconstructs the shape of the band potential. (e) The integrated photocurrent
signal from panel d after a slope subtraction (blue symbols). The local minimum and kinks in the band energy profile seen in
panels d ande coincidewith the locations of particles seen as peaks in the topographydata (black curve in panel e andmarked
in panel d by dashed vertical lines). (f) Schematic band diagram. The local minimum cannot be resolved with a diffraction
limited laser spot due to spatial averaging of photocurrent signals with opposite signs.

Figure 5. High-resolution spectroscopic imaging of the
central region of device B: (a) topography, (b) photocurrent,
(c) Raman D-band intensity, (d) Raman G-band intensity
taken along device B containing the particle seen in the
center of Figure 4a. A varyingD-band signal strength can be
observed along the CNT, but without showing any correla-
tion with the photocurrent signal. The scalebar indicating
50 nm is the same in every image. In this measurement,
complete Raman spectra were taken at each image pixel.
The Raman D- and G-band intensities were derived by
integrating the respective spectral contribution.
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Raman spectroscopic and photocurrent images focusing
on the region around the central particle. These images
(see Figure 5) show a varying D-band intensity along the
CNT indicating the presence of structural defects, but no
correlated increase of the photocurrent signal as ob-
served in ref 9.

CONCLUSIONS

We presented antenna-enhanced scanning photo-
current microscopy that enables the simultaneous
recording of optical and photocurrent signals with

nanoscale spatial resolution and improved detection
sensitivity. We showed that the enhanced photocurrent
signal is due to locally increased absorption by comparing
it to the simultaneously obtained Raman signal. The
technique was used to study the direction and decay
lengthof thebandbending at the contacts ofmetallic CNT
devices and to probe local variations in the electronic
structure along a single CNT that cannot be detected by
confocal microscopy. Our results underline the wide ap-
plicabilityof theoptical antennaconcept innanophotonics
merging the fields of plasmonics and photovoltaics.

METHODS
The experimental setup combines a tip-enhanced near-field

optical microscope (TENOM) with a SPCM operating at room
temperature in ambient conditions. The TENOM consists of an
inverted confocal microscope (60�; NA 1.49) and a focus-
centered sharp gold tip which is hold at about 5 nm above
the sample surface with a sensitive tuning-fork shear-force
feedback. The complete setup is shown in Supporting Informa-
tion, Figure 4. The gold tips are produced by electrochemical
etching resulting in a tip diameter of about 30 nm. A He�Ne
laser emitting at 632.8 nm (power ∼1 mW) was focused to a
diffraction-limited spot of ∼300 nm diameter. Radial polariza-
tion of the beam leads to an efficient field enhancement at the
gold tip.24 Sample images are acquired by raster scanning the
sample with respect to the fixed tip and focus position while
recording topography, Raman scattering, and photocurrent
signals at each image pixel. The Raman G-band intensity is
detected by an APD after spectral selection using a narrow
band-pass filter centered at 703 nm. Alternatively, full Raman
spectra are taken at each image pixel. The intensity of different
Ramanbands is then obtained by integrating the signal over the
respective energy range. The zero-bias photocurrent is first
amplified by a current preamplifier followed by lock-in detec-
tion. The signal modulation is accomplished with a mechanical
chopper in the excitation beam path operating at 870 Hz. In
antenna-enhanced scanning photocurrent microscopy the me-
tal tip is not in contact with the sample and not used as the top
electrode as it is done in photoconductive AFM30,31 or scanning
gate microscopy.32 The antenna is floating and electrostatic
charging is not observed during the measurement, as expected
for amassive, that is, 1 mm long, metal wire. Its only function for
the photocurrent measurements is to provide a nanoscale light
source inducing locally enhanced photocurrents that are de-
tected as described above. The devices consist of CVD grown
carbon nanotubes dispersed in aqueous suspension by sodium
cholate and deposited on a thin microscope glass substrate by
spin-coating. The nanotubes were contacted by two electrodes
consisting of 0.5 nm titanium/30 nm palladium fabricated via
electron beam lithography.
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