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ABSTRACT

Ballistic electrical currents are optically injected into aligned single-walled carbon nanotubes and bulk graphite at 300 K via quantum interference
between single and two photon absorption of phase-related 700 and 1400 nm, 150 fs pulses. The transient currents are detected via the
emitted terahertz radiation. Optical phase and power dependence are consistent with the quantum interference optical process. Under similar
excitation conditions, the peak current for a forest of nanotubes, with a diameter distribution of ~2.5 + 1.5 nm, is 9 + 1 times larger than
that in graphite. At peak focused intensities of 10 GW cm~2 (1400 nm) and 0.15 GW ¢cm~2 (700 nm), the peak current is ~1 nA per nanotube.
The peak current for pump light polarized along the tubes is ~3.5 times higher than that for light polarized perpendicular to the tubes.

Since their discovery in the early 1990s, carbon nano-
structures have received considerable research attention
because of their unique physical and electronic properties
and their potential applications in nanotechnology.! In
particular, carbon nanotubes and graphene are thought to
represent important basic building blocks for future devices
because of their unique electron transport properties related
to their band structure and low carrier scattering rates.
Considerable attention’* has been devoted to electronic
transport wherein biased materials are contacted to an
external circuit. However, the development of suitable
contacts often hinders research in this area. The use of
noncontact, optical methods of inducing a current may
present opportunities for interfacing photonics and nano-
electronics.>® Among such methods, optical coherence
control has been shown to induce electrical currents in bulk
and quantum well materials,”~'? that is, three-dimensional
(3-D) and two-dimensional (2-D) semiconductors. In such a
scheme, quantum interference between optical absorption
processes (such as single and two photon absorption) breaks
the material symmetry, allowing electrical currents, and, with
suitable optical polarizations, even spin currents to be
created.'? The photocurrent magnitude and direction can be
controlled by varying the phase difference between the beams
as well as their polarization. A few years ago, Mele and
Kral,'" using a tight binding, independent particle model for
the electronic bands, predicted that coherently controlled
photocurrents could be induced in carbon nanotubes (one-
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dimensional, 1-D, conductors), graphene (2-D), and graphite
(2-D/3-D) using interference between single and two photon
absorption similar to that observed in GaAs, InP, and
silicon.?? To date, experimental confirmation of these ideas
is lacking. In this letter, we report observations of coherently
controlled photocurrents in a forest of vertically aligned
single-walled carbon nanotubes and in bulk graphite. These
transient currents are induced using 150 fs, 1400 and 700
nm optical pulses and detected using the emitted terahertz
(THz) radiation as a signature. Hence, both the inducing and
the probing techniques are noncontact, while the pumping
wavelength of 1.4 um lies close to that of technologically
relevant sources.

Graphene is a single layer of carbon atoms in a
hexagonal lattice. Graphite is the three-dimensional bulk
material composed of stacks of graphene sheets bonded
with van der Waals forces. While graphite is a semimetal,
graphene is a zero-gap semiconductor with a linear
dispersion relation for carriers around the K and K’ points
in reciprocal space. Graphene has often been used as a
pedagogical model' for other carbon nanostructures, such
as carbon nanotubes. For single-walled carbon nanotubes
with a large tube diameter (>1 nm), the electronic band
structure can easily be evaluated from that of graphene, using
the band-folding model. The current density generation rate
J associated with interference between single and two photon
absorption processes of beams at 2w and w, respectively, is
of the form:31
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Figure 1. (a) Illustration of sample excitation/terahertz radiation from nanotubes. Beams are separated by nonzero angle for clarity. (b)
SEM image of carbon nanotube sample at 45° off-normal, looking at a side facet of the nanotube “forest”.

J=7: E°E’E *’sin(2¢,, — $»,) (1)
where E®2® and dwow are the optical fields and phases, and
7] is a fourth rank current injection tensor whose symmetry
properties are governed by the illuminated material. This
quantum interference process can also be viewed macro-
scopically as a third order nonlinear optical process.® In the
case of graphene, by the simple tight binding model with
isotropic bands, the current orientation is predicted to be
governed only by the polarizations of the w and 2w fields.'
For carbon nanotubes, a 1-D model predicts'* the injected
photocurrent to be directed parallel (Il) to the tube axis, that
is, guun = 0, with all other 7,z = 0. However, considering
the nonzero width of the tubes, additional tensor elements
might be nonzero (see below).

For our experiment, a commercial 250 kHz Ti:sapphire
oscillator/amplifier operating at 810 nm is used to pump an
optical parametric amplifier to produce 150 fs pulses at 1400
nm (w beam) with an average power, P, up to 30 mW.
Part of the @ beam is used with a 1.5 mm thick beta barium
borate (BBO) crystal to produce 700 nm light (2w beam)
with P2 = (0.5 mW. The w/2w pulses are passed through a
two color Michelson interferometer that allows the relative
phase, or phase parameter A¢ = 2¢,, — ¢z, to be adjusted
using piezo control. The two emerging pump beams are
copolarized and overlapped on the samples with a 100 um
diameter (FWHM) spot size, producing peak focused intensi-
ties for the 1400 and 700 nm beams of 10 and 0.15 GW
cm™2, respectively. These intensities are well below the
damage threshold of the samples as well as the ionization
threshold of the ambient air. For a single photon absorption
coefficient!®!7 of 3.2 x 10° cm™! and a reflectivity of 0.5,
the estimated area carrier density in graphite injected by a
700 nm pulse is Nop ~ 3 x 10" cm™2. The two photon
absorption coefficient is not known for the 1400 nm beam,
but if one were to estimate a value of'® 100 cm/GW,
appropriate for bulk materials with a band gap of ~1 eV,
the injected carrier density is ~2 x 10'° cm™2. There is little
data for the linear or nonlinear optical constants for nano-
tubes, but theoretical estimates indicate that, apart from
various spectral features associated with a different density
of electronic states, the linear optical absorption coefficient
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is close to that of graphite, whereas the two photon absorption
coefficient at 700 nm of carbon nanotubes in solution is
about' 1 cm/MW. Hence, we expect injected carrier densities
of Nip ~ 10° cm™! and Nip ~ 3 x 10* cm™! for single and
two photon generation processes, respectively.

Measurement of the photocurrent at room temperature is
performed noninvasively, by measuring the emitted terahertz
radiation.'® A schematic diagram of the illumination/radiation
geometry is shown in Figure la. The terahertz radiation
emitted by the currents is measured by electro-optic sam-
pling, whereby a weak probe pulse from the Ti:sapphire
oscillator at 810 nm is temporally scanned through the
terahertz pulse in a 500 um thick (110)-oriented ZnTe
crystal.’ Because of phase mismatch between the terahertz
and the probe beams,? the effective bandwidth of the electro-
optic detection system is estimated to be ~3 THz. Complete
time resolution of the terahertz pulse or associated current
is therefore not obtained; however, the peak electro-optic
signal is proportional to the peak current.

The graphite sample is a naturally grown flake, freshly
cleaved with scotch tape. The carbon nanotubes are grown
by CVD methods?! standing vertically and tightly packed (a
so-called “forest”) on a Si substrate between 150 and 200
um in length (see Figure 1b). This is a single-walled nanotube
sample; however, a few multiwalled nanotubes may be
present. The distribution of the tube diameters is ap-
proximately 2.5 £ 1.5 nm. Tube chiralities are randomly
distributed within the diameter distributions; both metallic
and semiconducting nanotubes are present. Although the
fundamental band gaps of the semiconducting tubes in our
sample correspond to wavelengths > 1.5 um, there exist many
higher energy band gaps between subbands with higher
azimuthal quantum numbers. Current injection is therefore
expected to be possible in a distribution of nanotubes at
almost any photon energy 2Aw well above the fundamental
band gaps.

Figure 2 is a contour plot of the terahertz radiation field
from the nanotubes as a function of A¢ = 2¢1400 — ¢700 and
the time delay between 1400/700 nm pump and 8§10 nm
probe beam. Both pump beams are overlapped on the side
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Figure 2. Time dependent terahertz radiation field from the
nanotube forest as a function of time delay between 1400/700 nm
pump and 810 nm probe pulse and the phase parameter, A¢,
between copolarized pump beams. Top panel: terahertz trace
time delay dependence for constant A¢ represented by the horizontal
dashed line on the contour plot. Right panel: terahertz field A¢
dependence for constant time delay represented by the vertical
dashed line on the contour plot.

facet of the nanotube forest and are copolarized with their
polarization direction along the tube axes. A typical terahertz
pulse trace as a function of probe pulse time delay with
constant A¢ is shown in the top panel, corresponding to the
horizontal dashed line on the contour plot. The first emission
peak at ~0.3 ps (see top panel in Figure 2) is followed by
a weaker oscillatory trace (only partially shown in Figure
2). As noted above, this oscillatory behavior reflects the
limited bandwidth of the terahertz detection scheme? rather
than the intrinsic temporal behavior of the current. Specif-
ically, charge displacement is expected to rise with the 150
fs pulse and decay through the development of space-charge
fields and carrier momentum relaxation. The right panel
shows the dependence of the terahertz field with A¢ for
constant pump/probe delay. The current reverses direction
as the phase varies and, more generally, follows a sin(A¢)
dependence, consistent with the coherently controlled pho-
tocurrent description of eq 1. Similar phase dependent current
behavior was observed for the graphite sample.

The ratio of the maximum electro-optic signal, or photo-
current magnitude, in the nanotubes to that from graphite is
~9 £ 1 with the nanotubes producing a peak current only
~10 times less than that observed® in polished, homogeneous
GaAs or InP. From the measured peak terahertz amplitude
in the nanotubes of ~100 V m™' and a knowledge of the
absorption depths in the graphite and nanotube samples,
we deduce?® a peak current density ~1 kA cm™?2 in the
graphite and ~10 kA ¢cm™? in the nanotubes. Assuming a
tube packing fraction of 0.8,2* the peak current in the tubes
is ~1 nA. The higher injected current density in the
nanotubes compared with that in graphite may reflect a
number of factors such as different absorption and reflec-
tivity, or the longer momentum relaxation time,”* and
Coulomb enhancement of transition amplitudes in the case
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Figure 3. Terahertz radiation magnitude (injected current magni-
tude) in nanotube sample as a function of w and 2w beam average
power with the power of the other beam being constant. The solid
lines indicate linear and square root power laws.

of the nanotubes.? Note that no attempt has been made here
to maximize the current density by varying the relative power
in the two pump beams. In general, the efficiency of current
generated is optimal when the number of carriers generated
through single and two photon absorption are the same,
thereby balancing the two “arms” of the interference pro-
cess.?® Given graphite’s absorption depth and our signal-to-
noise ratio, we do not expect to observe current injection in
graphene samples with the present experimental configuration
(barring any enhancement effects in the atomically thin
films), since the signal from graphene is expected to be about
2 orders of magnitude weaker.

We emphasize that the present technique represents the
fastest way to generate charge currents, which can be located
wherever one can focus an optical beam and which are not
governed by the location or inductance and capacitance
effects of electrical contacts. In particular, electrons are
photoinjected ballistically; that is, they are injected with a
group velocity of the conduction band states into which they
are promoted and move thereafter without benefit of an
accelerating DC electric field or density gradient. Electrons
and holes travel a distance determined by the onset of a
space-charge field as electrons and holes separate, or the
scattering length which is reported to be ~1 um at room
temperature,® 2 orders of magnitude larger than in most bulk
semiconductors.

To further verify that the terahertz radiation signal is
associated with the two color current injection process, we
measured the scaling of current generation in the nanotubes
with average pump power (P®?®) of one beam with the
power of the other beam being kept constant. From eq 1,
we expect J O P*(P2*)!”2 sin(A¢). The experimental data in
Figure 3 supports the expected power dependence for both
w and 2w beams, consistent with the third order optical
process.

Anisotropy of the current generation in the nanotubes has
been observed by varying the sample orientation relative to
pump beam polarization. With the pump beams collinearly
polarized, we measured the emitted terahertz radiation along
this polarization direction using a terahertz polarizer, while
rotating the sample through an angle y between tube axis
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Figure 4. Terahertz amplitude (injected current magnitude) in the
aligned nanotubes as a function of y, the tube axis angle relative
to the pump polarization direction. Also shown are theoretical curves
for a cos* y fit (dashed red) and a fit with nonzero cos? y sin? y
and sin* y terms (solid blue).

direction and the optical polarization direction. Figure 4
shows that the terahertz field (or injection current) varies
with angle y and is maximized (minimized) when the tubes
are aligned parallel (perpendicular) to the pump polarization
direction. If the current were to be injected only along
the tube direction, according to eq 1 for a true 1-D material,
the signal is ideally expected'* to vary as cos* y. However,
since the carbon nanotube sample has D, symmetry, besides
the 77,1 tensor elements, there are also 170000, 7i.00m 7000,
and symmetry related elements, where [ denotes a direction
perpendicular to the nanotube. Hence, the current injection
is expected to be of the form J O gy cos* y + 7au.o,0)
cos? y sin? y + nonpop sint y where #q,0,0) represents the
sum of the six terms containing two Il and two [J components.
The appearance of a nonzero current in the data for y = 90’
allows us to deduce »yw/moono = 3.4 £ 0.4. From the
best fit to the data, we also obtain nyu/munon = 2.9 £
0.6. The existence of a current for optical polarization
perpendicular to the tube axis is not unreasonable since the
linear dielectric constant (absorption) is predicted to be
anisotropic as well.!” Nonetheless, it is interesting that the
coherence control techniques offer the ability to consider
carrier transport effects perpendicular to the tube axis,
something that contact based techniques cannot do. It is
possible that a portion of the current at ¥ = 90° is due to
imperfect alignment of some of the tubes in the sample, but
from SEM pictures, we estimate the degree of tube alignment
to be very good.

In conclusion, we have generated large amplitude coher-
ently controlled electrical currents in single-walled carbon
nanotubes as well as somewhat smaller currents in bulk
graphite using 1400 and 700 nm, 150 fs pulses. These
ballistic currents depend on the relative phase between the
pulses, and the current direction can be completely inverted
by changing this relative phase. The photocurrent has an
optical power dependence consistent with a third-order
nonlinear optical process. Peak currents ~1 nA have been
generated in the nanotubes. While these preliminary results
are encouraging for all-optical generation of electrical
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currents in carbon nanotubes, whereby known methods of
synthesis lead to a distribution of tube diameters and a
mixture of metallic and semiconducting tubes, future work
will consider more defined tube types, the role of excitation
wavelength, and the time-resolved behavior. Injecting and
coherently controlling photocurrents in graphene is also being
considered but may require detection schemes other than
terahertz radiation detection. Overall, these experiments may
bring new understanding to optoelectronic functionalities in
carbon nanomaterials.
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