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ABSTRACT Variable-wavelength photocurrent microscopy and photocurrent spectros-
copy are used to study the photoresponse of (n, m) sorted single-walled carbon nanotube
(SWNT) devices. The measurements of (n, m) pure SWCNT devices demonstrate the ability to
study the wavelength-dependent photoresponse in situ in a device configuration and deliver
photocurrent spectra that reflect the population of the source material. Furthermore, we
show that it is possible to map and determine the chirality population within a working

optoelectronic SWCNT device.
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ecently the use of single-walled
Rcarbon nanotubes (SWCNTs) for next-

generation all-carbon solar cells and
light-sensitive devices has gained increasing
attention in the literature." While SWCNTs
have traditionally been integrated into a
variety of organic photovoltaic systems, the
role of carbon nanotubes in these systems
was strictly limited to their use as an efficient
electron transport medium. The latest focus
is aimed at capitalizing on the unique and
richly varying optical properties of SWCNTs.
In order to appreciate this point, it is only
necessary to consider the SWCNTSs produced
by the HiPco process and the possible appli-
cations they may have for photovoltaics. The
HiPco raw material consists of a multitude of
semiconducting (s-SWCNT) species of vary-
ing diameter (Dy), chiral angle, or (n, m) index,
and each of these species has unique first (S;,)
and second (S,,) optical transitions in the
region ~900—1350 nm and ~500—850 nm,
respectively.>* Therefore, upon selecting the
appropriate (n, m) combination of SWCNTSs,
it is theoretically possible to fabricate a solar
cell capable of harvesting light in not only
the visible but also the infrared,* a spectral
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region excluded by traditional silicon solar
cells. Alternatively, it is envisaged that upon
selecting highly pure (n, m) material, it would
be possible to create a device that is sensitive
to the discrete optical transitions of the
SWCNTs, hence paving the way for optical
sensors. This discussion can then of course
be extended to consider other SWCNT syn-
thetic routes such as arc discharge, laser
ablation, and the CoMoCAT process, which
afford a completely different ensemble of
(n, m) species and extend the accessible
spectral regime, not to mention the possibi-
lity of probing higher order optical transitions
(Ss3, Sas, etc), multiple exciton generation,®
and the potential for metallic SWCNTs
(m-SWCNTs) to be used as metallic contacts.

The realization of these goals has led to the
development of several different approaches.
Toward the fabrication of solar cells from
thin films of SWCNTs, Svreck et al” have
combined poly-9,9-di-n-octylfluorenyl-2,7-diyl
(PFO)-wrapped SWCNTs with silicon nano-
crystals and shown that the photocurrent
is unambiguously correlated to the optical
properties of the nanotubes. Likewise, Bindl
et al®® integrated PFO-wrapped SWCNTs
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into bilayered heterojunctions with Cgq as an acceptor.
Jain et al.’® then demonstrated the viability of this
bilayered heterojunction approach with polymer-
unwrapped, surfactant-stabilized, (6,5) SWCNTs. De-
spite initial SWCNT/Cgq solar cells boasting relatively
low efficiencies, Shea et al.'" have recently reported
efficiencies of up to 1%. Nevertheless, it remains clear
that further work is required in order to achieve devices
comparable to other well-established organic photo-
voltaic systems. Perhaps this is indeed achieved
through using multiple nanotube layers as suggested
by Shea et al,'" but the field also benefits from photo-
current studies on the single- or few-nanotube level,
where a more fundamental investigation of the gen-
eration of photocurrent is possible.

From a technological standpoint the fabrication of
single- or few-nanotube devices is not new. Techniques
such as dielectrophoretic deposition from solution'*'3
or chemical vapor deposition (CVD) growth of SWCNTs
between metalized source and drain contacts in CNT
field-effect transistors are becoming standard. In this
architecture photogenerated electrons and holes are
typically separated by either an externally applied gate
bias or internal fields at the SWCNT—metal Schottky
barrier."*1>3940 photocurrent generation has therefore
been studied in both substrate-supported®'®~"® and
unsupported?®~22 CNTs. However, unlike in the case of
the SWCNT films discussed previously, a laser is typically
used to address the CNTs due to the high power density
required to measure photocurrent from only a few
CNTs. Hence the laser source and CNT must be chosen
carefully to ensure at least one of the CNT's optical
transitions (usually S,,) matches the excitation source.
From this point of view one could call such systems
“nanoscale solar cells”; however, as the ability to pro-
duce power under illumination on the single-nanotube
level is yet to be shown, it is more realistic to refer to
them as “nanoscale photodetectors” or simply appreci-
ate the fundamental spectroscopic investigation that is
possible on this scale. The literature contains many such
examples. For example the early work of Chen et al.'®
and further work by Engel et al.'” using SWCNTSs placed
between asymmetric metal contacts (with high and low
work function) to achieve a strong built-in electric field
allowed for the efficient separation of electron—hole
pairs. Alternatively, Lee et al.'®** formed a p—n junction
along the length of a single carbon nanotube by
electrostatic doping using a pair of split gate electrodes.
Electron—hole pairs were then separated in the middle
of the device where the electric field was the greatest.

Most recently, Barkelid et al.2>*" used a similar split
gate design and provided a comparison of the photo-
current generated in semiconducting and metallic
carbon nanotubes. In their work they suggest that
the photocurrent generated from semiconducting
nanotubes had photovoltaic origins, whereas in the
case of metallic nanotubes it was photothermoelectric.
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In other words the photocurrent in s-SWCNTs arises
from an electric field (built-in or applied), and the photo-
current in m-SWCNTs is mediated by a difference in
Seebeck coefficients. In performing their study Barkelid
et al>®*" addressed a problem in the literature, namely,
seemingly conflicting results with some reports stating
the photocurrent to be photothermoelectric~% in ori-
gin while others showed a photovoltaic behavior.'®'”*?
Reflecting on the device design of many groups reporting
photothermoelectric origins, either unsorted metallic
CNTs?* or a film of CNTs was used.”*?” Hence discrimi-
nation between these two effects was understandably
difficult. However, in the work of Amer et al.,”® who
exclusively worked on split gate devices from metallic
CNTs, it is important to note that the photocurrent
signal was clearly seen to originate from the center of
the nanotube (position of split gates), which would
suggest that the photocurrent originated from the
p—n junction rather than the contacts. Moreover, in
2014, DeBorde et al.*® found evidence of both photo-
voltaic and photothermoelectric mechanisms, where
the type of mechanism responsible was found to
depend on the gate voltage, i.e., if the carbon nanotube
was in the off- or on-state, respectively. Indeed the
discussion of photocurrent generation in CNTs appears
to be far from resolved. More important at this point is
the conclusion that if such fundamental studies are to
be performed, the suspension of CNTs used, or growth
mechanism applied, must be limited to CNTs of well-
defined and controlled electronic and optical property.
Toward this end DeBorde et al.>° have used chemical
vapor deposition to integrate single-chirality carbon
nanotubes into field-effect transistor devices. In their
work, due to each device consisting of only one CNT,
each device was by definition single chirality and
correspondingly had well-defined optical properties.
This allowed DeBorde et al>° to measure photocon-
ductivity spectra for each device and identify the chiral
indices upon comparison to a catalogue of known CNT
exciton resonances. Consequently the use of photo-
current measurements may prove to be a useful
characterization technique for device-integrated CNTs.
Such a characterization tool would also be advanta-
geous compared to traditional techniques involving
the scattering of polarized light by CNTs,>' where the
point of measurement must be sufficiently far away
from any metal contact to avoid Rayleigh scattering
from the electrodes, therefore limiting the technique
to long channel devices with long CNTs (~20 um?3").
Although long channel devices are easily achieved
with CVD growth, solution-processed CNTs typically
have lengths on the order of a few micrometers and
make such devices impractical. This is where photo-
current characterization may play an important role.
The use of solution-processed CNTs has the added
advantage of being able to prepare single-chirality
suspensions and thus prepare CNT devices with
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predetermined (n, m) indices. This is different from CVD
growth, where the type of CNT grown is unknown and
varies between devices. For this reason many groups
focus their efforts on solution processing of (n, m) pure
SWCNTs. This has been achieved via techniques such
as the wrapping of SWCNTs with single-stranded DNA
(ssDNA),*? density gradient ultracentrifugation,®~3°
and Sephacryl gel filtration.3* 3% In our contribution
to this field we have recently shown that 15 different
(n, m) semiconducting species can be prepared from
the HiPco raw material using the Sephacryl gel filtra-
tion method upon changing the pH of the eluent.?
Most recently we have then applied our technique to
an automated gel permeation chromatography (GPC)
system. This system is capable of applying controlled
pH gradients to a gel column and allowed us to
demonstrate the scalable preparation of semiconduct-
ing (n, m) species with a purity of 61—95%.3 In the
present work we now integrate the prepared (n, m)
SWCNT species into two terminal electronic devices to
allow the measurement of spectrally resolved photo-
current. Furthermore, to our knowledge this is the first
example of photocurrent spectroscopy being used to
characterize solution-processed SWCNTs.

RESULTS AND DISCUSSION

With the use of dielectrophoresis, single-chirality
SWCNTSs were deposited into devices for the measure-
ment of photocurrent. Each device consisted of two
palladium contacts with a width of 1 um and a gap-
size (channel width) of 600 nm on a Si/SiO, substrate.
To any set of palladium contacts either the (6, 5), (7, 6),

(n,m)

Normalized absorbance

1
500 600 700
Wavelength (nm)

Figure 1. Solution absorption spectra of the five different
(n, m) SWNT species used in this work: (6, 5), (7, 5), (7, 6),
(8, 3), and (9, 4).

(7,5), (8, 3), or (9, 4) SWCNT species were deposited to
yield a single-chirality SWCNT device. For each of the
SWCNT species a corresponding solution absorption
measurement is shown in Figure 1. As our measure-
ment setup is currently capable of measurement only in
the visible regime, only the S,, region for each (n, m)
species is shown. Complete spectra from 500—1300 nm
for each (n, m) species, where both S,, and S;; are
visible, along with the normalization factors used are
available in Figure S1 of the Supporting Information.
As expected for pure (n, m) SWCNT suspensions, every
species has only one major S,, resonance with no
or minor additional resonances. We attribute minor
resonances to the impurity of additional (n, m) SWNT
species. This issue of impurities will be revisited later.
Moreover, with the exception of (7, 5) and (7, 6), it can
also be seen that all S,, optical resonances are well
separated. The position of each transition is further
listed in Table 1. Each chirality therefore possesses
a “fingerprint” that should be possible to resolve in a
photocurrent spectroscopy experiment.

A typical device can be seen both schematically (a)
and via SEM (b) in Figure 2, where in this case (6, 5)
SWCNTs have been deposited between the contacts.
It can also be clearly seen that the SWCNTSs are pre-
dominantly aligned in the direction of the electric field
during deposition and that they directly bridge the
600 nm gap. Consequently, the SWCNTs used in this
work do not form a percolative current path. Instead
each CNT individually contributes to the overall photo-
current measured. On average approximately 10—20
SWCNTs were deposited after dielectrophoresis.

Single-chirality devices were then placed into our
custom-built setup for the measurement of photoc-
urrent. In this setup the excitation source was a com-
mercial supercontinuum light source with an attached
acousto-optical tunable filter (AOTF) to provide the
required wavelength selectivity. The light output was
then fiber coupled into a microscope and focused
onto the SWCNT device with an objective as seen in
Figure 2a. Additionally the entire setup was placed
onto an x—y piezoelectric table, which allowed for not
only spectrally resolved photocurrent measurements
but also 2D surface mapping.

A 2D photocurrent map is shown in Figure 2¢, where
the short-circuit photocurrent has been overlaid onto

TABLE 1. Responsivity of Each (n, m) SWCNT Device and a Comparison of the S,, Optical Transition Obtained from

Solution Absorption and Photocurrent Spectroscopy

SWCNT super continuum light  peak photocurrent responsivity photocurrent maxima photocurrent fwhm  absorption maxima  absorption fwhm

(n, m) source power (mW) (pA) (pA/mW)
(6,5) 0.24 52.00 216.67
7,5 0.66 28.60 4333
(7, 6) 0.66 31.00 46.97
8,3) 0.94 8.53 9.07
9,4) 238 6.28 2.64
ENGEL ET AL.

(nm) (nm) (nm) (nm)
557 477 569 238
648 488 645 211
644 46.1 651 26.8
666 59.8 667 35.7
706 529 23 27.1
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Figure 2. (a) 3D schematic of the measurement setup. A focused light beam of variable wavelength is scanned across a carbon
nanotube film interfaced with metallic contacts. (b) Scanning electron micrograph of a typical carbon nanotube device as
schematically shown in (a), where the nanotube density is approximately 10/um. (c) Scanning photocurrent microscopy map
(excited at 570 nm) overlaid on top of the simultaneously recorded elastically scattered signal from the sample.

the corresponding 2D map of elastically scattered light.
In this example a device with (6, 5) SWCNT species was
excited at 570 nm, corresponding to the S,, optical
transition for the (6, 5) SWCNT. As a comparison we also
measure at off-resonant wavelengths and consistently
observe a drop in the maximum photocurrent ampli-
tude. The two metal contacts can clearly be seen on
either side of the 2D map with two photocurrent lobes
(blue minima and red maxima) located in the middle of
the device. Hence we are able to spatially correlate the
photocurrent with respect to the metallic contacts. It is
noted that the photocurrent lobes are located close
to the SWCNT—metal contact. This is to be expected
due to the built-in electric field at the SWCNT—metal
Schottky barrier being responsible for electron—hole
separation. The presence of positive and negative
photocurrent maxima is due to the use of symmetric
palladium contacts. Therefore, the band bending due
to dissimilar work functions of the metal and SWCNT
are symmetric on either end of the SWCNT. Intuitively,
when both SWCNT—metal contacts are equally illumi-
nated by the light source (in the center of the device),
an equal and opposite photocurrent will therefore be
observed on either side of the SWCNT. This would
consequently lead to a vanishing net overall photo-
current, a feature that is seen in the middle of our
device in the 2D photocurrent map. The two photo-
current lobes therefore correspond to off-center ex-
citation of the SWCNTs, where the photocurrent
contribution from one end of the SWCNT outweighs
that of the other end. In this work it is the translation of
the light source across the device that ensures that
such off-center excitation occurs.

For reference, representative transconductance curves
for SWCNT devices can be found in Figure S2 of the
Supporting Information. It can be seen that we observe
p-type transfer characteristics for our devices. Upon
noting which of the two palladium electrodes is placed
on the high or low connection to the source meter, it is
possible to determine the flow direction of carriers
across the nanotube channel. In the setup the source
meter is measuring the flow direction of electrons and
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not the technical current. From this standpoint we were
able to determine that excitation of an SWCNT in our
device through the S,, transition leads to a flow of
holes onto the palladium contact. This observation is
then in agreement with the hole conductance seen in
Figure S2.

With the ability to measure photocurrent from sin-
gle-chirality nanotube devices we are therefore able
to perform the main objective of this work, namely,
the measurement of spectrally resolved photocurrent,
where we would like to show a one-to-one correlation
between optical absorption data and photocurrent.
For these measurements the device was positioned
under the beam via the x—y table so as to maximize the
photocurrent signal (i.e., off-center photoexcitation of
the device to maximize one of the photocurrent lobes).
The sample position was then fixed and the wave-
length swept between 500 and 750 nm in 5 nm steps.
The reason for this is the finite spectral resolution of
the AOTF, which outputs a single wavelength with a
full-width at half-maximum (fwhm) of 5 nm. For each
wavelength step we let the beam and photocurrent
settle for three seconds. This proved to be a good
compromise between signal-to-noise ratio and mea-
surement speed with regard to position stability of the
device.

In Figure 3 the photocurrent for the five different
(n, m) SWNT devices can then be seen as a function of
excitation wavelength. For each SWCNT species a clear
peak in the photocurrent can be seen. This is attributed
once again to electron—hole pairs formed through S,,
irradiation that get separated and subsequently col-
lected at the contact. With the use of a calibrated
silicon diode we then calculate the responsivity of
each device, as can be found in Table 1. Furthermore,
we make a comparison between the photocurrent
peak position and that of the absorption measurement
in solution. In general, good agreement between the
peak position in the photocurrent and absorption data
is seen. However, we do note that a slight blue-shift
is seen for (7,5), (7,6), and (8,3) of 1—7 nm and a larger
blue-shift for (6, 5) and (9, 4) of 12—17 nm. The exact
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Figure 3. Normalized photocurrent as a function of wavelength for carbon nanotube devices comprising (a) (6, 5), (b) (7, 5), (c)

(7, 6), (d) (8, 3), and (e) (9, 4) SWNT species.

origin of the observed blue-shift seen in our work
remains speculative. As outlined in the Supporting
Information from Liu et al3' it is well known that the
optical resonances of carbon nanotubes are highly sensi-
tive to the surrounding dielectric environment.*'~*3
For example, the optical resonances of SWCNTs in
micelle suspensions (as in our case for the absorption
measurement) are typically red-shifted by 16 meV
(Sz2) and 28 meV (S;;) compared to free-suspended
SWCNTs.*? Likewise, Liu et al' showed a 30 meV red-
shift for SWCNTs on a Si/SiO, surface (the substrate
used in our work) compared to free suspended
SWCNTs. Furthermore, Fantini et al.** showed that
bundling of carbon nanotubes leads to on average a
70 meV red-shift compared to suspended micelle-
wrapped nanotubes. In our case the final dielectric
environment for the SWCNTs in a device is complicated
by the presence of different regions along the nano-
tube, all of which likely contribute to the final peak
position that we see in the photocurrent. In our device
we have a region of nanotube in contact with metal, a
small region of free suspended nanotube (from the top
of the metal contact to the substrate), and a region that
is in contact with the silicon substrate. Additionally,
there is the possibility for residual surfactants to be
present and the formation of carbon nanotube bundles
on the surface. All of these factors will give rise to a
different dielectric environment for the nanotube, and
how that will impact the peak position in photocurrent
measurements remains unclear. Indeed we expected
a red-shift as in the work of Liu et al;*" however other
than to speculate that the observed blue-shift may be a
result of the small free suspended region of nanotubes
in close proximity to the metallic contact, this issue
currently remains unclear to us. However, it can be seen
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Figure 4. Normalized photocurrent as a function of wave-
length for a “high-density” carbon nanotube device. The
photocurrent peaks are chirality assigned based on the
absorption spectrum (gray).

that the population of (n, m) SWNT species in solution is
reflected in a device configuration.

The question now arises of whether photocurrent
measurements can be used as a routine technique for
the determination of (n, m) species in solution or on a
surface. In this case the issue of impurity levels be-
comes important. This is an issue that is best addressed
from a larger ensemble of SWCNTs so as to better
replicate the entire population of SWCNTs. Due to the
obvious presence of additional (n, m) species, the (6, 5)
suspension used in this work was chosen as the ideal
test solution. Once again dielectrophoresis was used
to deposit the suspension; however an increased
alternating voltage was used so as to afford a 10-fold
increase in the number SWCNTs in the device. Figure 4
shows a plot of the measured photocurrent spectrum
of such a device. As expected, instead of a single photo-
current peak at approximately 557 nm as in Figure 3,
multiple photocurrent peaks became visible at 650 and
730 nm. Unexpected is the relative intensity of the
additional photocurrent peaks. For comparison, the
solution absorption spectrum of the (6, 5) SWCNT
suspension is shown. Initially obvious is a red-shift of
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the photocurrent peak, which as previously discussed is
to be expected for a device containing a film of carbon
nanotubes where bundling becomes a likely result.
Additionally, minor peaks at 650 and 730 nm can also
be seen in the absorption spectrum, but their intensity
is significantly lower compared to the S;; transition of
(6, 5) at 557 nm. Here we attribute these peaks to (8, 3),
(7,5), or (9, 4) impurities. Benedict et al.*® and Kozinsky
et al.*® help to provide an explanation of this result, by
showing that the polarizability of semiconducting car-
bon nanotubes scales inversely proportional to the
band gap. Therefore, nanotubes with a smaller band
gap (larger diameter) are more easily deposited by
dielectrophoresis. Here we argue that under the pre-
sent assembly conditions that the larger diameter
species such as (9, 4) and (7, 5) are deposited in
preference to the smaller diameter (6, 5) SWCNT. This
is despite the total contribution of (9, 4), (7, 5), and (8, 3)
to the overall SWCNT population in solution being
lower. From this point of view, SWCNT photocurrent
measurements appear to be capable of providing
qualitative information about a nanotube suspension,
but their use in a quantitative analysis may be limited.
Additionally, for any routine analysis of SWCNTs, the
ability to probe not only S, but also Sy, optical transi-
tions is necessary. This point is made especially clear

METHODS

HiPco SWCNT raw material (Nanolntegris) was used through-
out this work. In order to prepare suspensions for (n, m)
purification, 20 mg of raw SWCNT material was suspended in
80 mL of H,0 with 2 wt % sodium dodecyl sulfate (SDS) using a
tip sonicator (Weber Ultrasonics, 35 kHz, 500 W, in continuous
mode) applied for 15 h at ~20% power. During sonication,
the suspension was placed in a water-circulation bath at 15 °C
to aid cooling. As described in detail previously,® a SECcurity
gel permeation chromatography 1260 Infinity system (Agilent
Technologies) was then used to separate this raw SWCNT
suspension into (n, m) pure fractions with the use of sequential
0.2 wt % reductions in SDS concentration and a pH gradient of
pH 3—4. Seven milliliters of the Sephacryl S-200 gel medium
(Amersham Biosciences) was placed into a commercially avail-
able water-jacketed liquid chromatography column (XK 16/20,
GE Healthcare) with 16 mm inner diameter and 20 cm length.
After applying slight compression the gel yielded a final height
of 2 cm. An Accel 250 LC water chiller (Thermoscientific) was
used to maintain the column temperature at 23 °C. Absorption
spectra of the sorted fractions were recorded on a Varian Cary
500 spectrophotometer.

Dielectrophoresis was then used to deposit the prepared
(n, m) SWCNT suspensions into devices for photocurrent mea-
surements. An array of metallic contacts (where each contact
constitutes a device) was patterned on a degenerately doped
silicon substrate with an 800 nm layer of silicon dioxide using
standard electron beam lithography and a PMMA resist. Follow-
ing lithography 5 nm of titanium and 50 nm of palladium were
deposited by sputtering before a final lift-off process was
performed in acetone. The resultant metallic contacts had
a width of 1 um and a gap-size of 600 nm. A 30 uL amount of
diluted SWCNT suspension was then dropped onto the array of
metallic contacts, and an alternating voltage was applied
to the silicon substrate and one common metallic electrode.
In this way, SWCNTs were deposited simultaneously into
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upon examining the absorption data for the (7, 5), (7, 6),
and (8, 3) SWCNTs. All of these species have an S,,
transition within the region of 640—660 nm (Figure 1).
Consequently, upon consideration of only S,,, it would
be difficult to determine the (n, m) species from truly
unknown SWCNT suspensions. It is only in combination
with the complementary S;; data (Figure S1) that one
obtains a reliable “fingerprint” for each (n, m) species.
For this reason we plan to extend our measurement
system with an additional AOTF capable of infrared
selectivity.

SUMMARY

In this work we have demonstrated photocurrent
spectroscopy of single-chirality carbon nanotube op-
toelectronic devices and found that our results show
good correlation with optical spectroscopy techniques.
This technique may offer an in situ analytic tool for the
characterization of future carbon nanotube devices.
Alternatively, the ability to measure single-chirality
photocurrent spectra paves the way for increased under-
standing of the mechanism of photocurrent generation
in carbon nanotubes and/or energy transfer processes
from photoactive molecules. This understanding will help
to develop future applications of carbon nanotubes in
solar cells and light-sensitive devices.

multiple devices.® Typical deposition parameters were fre-
quency f = 1 MHz, peak-to-peak voltage V,, = 6 V, and time
t =15 min. The nanotube suspension was used without dilution
and resulted in a CNT density of approximately 10/um except
for the device shown in Figure 4, where we had approximately
10 times the surface density. Scanning electron microscopy of
resultant devices was taken with a Zeiss Ultra Plus.

Photocurrent measurements were taken with a SuperK
Extreme EXW-6 broadband supercontinuum light source (NKT
Photonics), where the excitation wavelength was tuned be-
tween 500 and 825 nm with the use of the SuperK Select
acousto-optic tunable filter (NKT Photonics). The resultant light
was linearly polarized and had a bandwidth of 5 nm. A micro-
scope objective of numerical aperture 0.5 was then used to
focus the quasi-monochromatic light onto an SWCNT device
with an intensity of a few hundred microwatts. This corresponds
to a diffraction-limited laser spot of diameter less than 1 um,
which is comparable to the channel length (metallic contact
gap-size) of the device. With the help of a motorized x—y stage
the fabricated devices were also scanned with a spatial resolu-
tion of 375 nm to produce a “photocurrent map”. Furthermore,
the elastically scattered light was measured with a silicon
photodiode and overlaid on the photocurrent map to allow
for the position of the photocurrent relative to the SWCNT
device to be determined. The resolution is consequently deter-
mined by the laser spot diameter and the step size of the
motorized stage. The generated zero-bias photocurrent signal
was measured with a Keithley 6430 source meter.
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