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ABSTRACT We introduce coplanar stripline circuits to resolve the ultrafast photocurrent dynamics of freely suspended carbon
nanotubes (CNTs) in the time domain. By applying an on-chip pump—probe laser spectroscopy, we demonstrate that CNTs, contacted
by metal electrodes, exhibit a picosecond photocurrent response. We find a combination of an optically induced ultrafast displacement
current, transport of photogenerated charge carriers at the Fermi velocity to the electrodes, and interband charge-carrier recombination

processes to dominate the ultrafast photocurrent of the CNTs.
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ingle-walled carbon nanotubes (CNTs) are promising

building blocks for future optoelectronic devices be-

cause of their compelling electronic and optical
properties.' ~'" So far, only optical methods have been used
to characterize the ultrafast dynamics of photogenerated
charge carriers in CNTs in the time domain.'*~'” Typical
fluorescence decay times of individual CNTs have been
measured to be in the range of tens to hundreds of
picoseconds.'?~'®'® Conventional electronic measurements
cannot resolve such ultrafast dynamics because available
electronic equipment cannot produce trigger signals and
detect transients faster than tens of picoseconds. Further-
more, CNTs typically exhibit a high impedance of several
kiloohms, and ultrafast charge-carrier dynamics are there-
fore obscured by the response time of the high-frequency
circuits. Here, we introduce an experimental on-chip scheme
to measure the photocurrent dynamics of electrically con-
tacted nanosystems in the time domain. The technique
applies an ultrafast optical pump—probe scheme to a copla-
nar stripline circuit, and the photocurrent response of CNTSs
is sampled by Auston switches.'? A related terahertz time-
domain measurement technique was developed by McEuen
et al. to determine the ultrafast electrical response of CNTs.?
While this technique focuses on electrical excitations of the
CNTs, the technique presented in this work utilizes an optical
laser excitation of the CNTs. The presented optoelectronic
scheme, due to its high sensitivity, can follow the dynamics
of photogenerated charge carriers on the picosecond time
scale. Generally, photocreated excitons in CNTs can be
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dissociated by electric fields generated by a large bias
voltage,>*?" at defect sites,” and in the vicinity of Schottky
barriers.>'" So far, time-integrated optoelectronic experi-
ments have revealed that hereby a photocurrent™'' and a
photovoltage® can originate.” At large bias, energetic carriers
in CNTs can also excite optical phonons®® and cause a
nonequilibrium phonon distribution.” The latter can give rise
to a phonon-assisted dissociation of excitons'” and to bolo-
metric photoconductance phenomena.®®? Our data dem-
onstrate that a combination of an optically induced ultrafast
displacement current, transport of photogenerated charge
carriers at the Fermi velocity to the electrodes, and interband
charge-carrier recombination processes dominate the ul-
trafast optoelectronic response of the CNTs. A detailed
understanding of such ultrafast charge carier dynamics will
become essential to design and build optoelectronic detec-
tors and high-frequency electronic circuits based upon
CNTs.2° Our results show that CNTs can act as nanoscale,
ultrafast photoswitches in electronic terahertz circuits with
a picosecond switching time.

The studied CNTs are grown via an electric-field-assisted
chemical vapor deposition method, as described else-
where®® and in the Supporting Information, such that a
network of CNTs spans two electrodes of a stripline (Figure
la). The freely suspended CNTs and the two electrodes form
a two-terminal stripline circuit driven by a bias voltage Vsp
(Figure 1b). Temperature-dependent measurements show
that the conductance of the CNT network without illumina-
tion is dominated by metallic CNTs with semiconducting
CNTs acting as tunneling barriers®* (see Supporting Informa-
tion). Such CNT networks have recently been exploited to
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FIGURE 1. Device geometry and optoelectronic pump—probe circuit.
(a) Scanning electron microscope (SEM) image of freely suspended
single-walled carbon nanotubes (CNTs) spanning two gold elec-
trodes. Scale bar, 3 um. (b) Schematic on-chip detection geometry.
The pump laser pulse is focused on the CNTs contacted by the
stripline circuit. The probe—pulse triggers the sampling circuit. Gold
electrodes are depicted in yellow.

build biosensors,?® transparent electrodes,?® and bolometric
photodetectors.®

The suspended CNTs in the stripline circuit are optically
excited by a pump-pulse at the second interband transition
E», of the semiconducting CNTs in the network with ~160
fs pulse length generated by a titanium:sapphire laser (see
Supporting Information). After the excitation, an electro-
magnetic pulse starts to travel along the stripline. A sampling
circuit senses the transient electric field of the traveling pulse
at the position of a field probe (Figure 1b).?” Here, we utilize
an Auston switch!? based on a low-temperature grown (LT)
GaAs substrate. The time delay fpeay between the pump and
the probe pulse is controlled by a delay stage. Measuring the
current Isampiing in the sampling circuit as a function of fpejay
yields information on the optoelectronic response of the
CNTs in the stripline circuit with a picosecond time resolu-
tion.?”

We first measure the time-integrated, spatially resolved
photocurrent Ipnoo Of the freely suspended CNTs in the
stripline circuit™'" (Figure 2). At zero Vsp, we find two spatial
extrema of Ipnoo, €ach of which is in the vicinity of an
electrode (Figure 2b). The extrema are consistent with in-
trinsic potential differences between semiconducting CNTs
and the metal electrodes™' " in combination with tube—tube
junctions between semiconducting and metallic CNTs. In
electrostatically undoped CNTs (we apply no back-gate
voltage), the Fermi energy can be assumed to lie in the band
gap of the CNTs.>® Therefore, the Fermi energy varies
strongly with a voltage bias applied across the CNT network.
In turn, at large Vsp, the Fermi energy crosses from n to p
type in between the two electrodes, and a larger fraction of
the voltage drop occurs within the CNT network instead of
at the contacts. This explains that at Ve = —1 V (+1 V) only
one minimum (maximum) of Ipne, iS Observed (Figure 2,
panels a and c). Then excitons are dissociated by the large
electric fields in the middle of the CNT network and, in turn,
they contribute to the time-integrated photocurrent Ippor. >
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FIGURE 2. Time-integrated photocurrent maps of the CNTs mea-
sured in the stripline circuit. (a) Spatially resolved, time-integrated
photocurrent Ipyo Of the CNTSs at a bias voltage Vsp = —1 V and laser
power Py, = 100 #W. Dashed lines indicate the position of the
electrodes. Dotted line depicts the shortest distance, d = 9 um,
between the electrodes. (b, c) Equivalent data for Vsp =0 V and +1
V. Scale bars, 5 um. The lower insets depict line cuts along the dotted
lines.
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FIGURE 3. Comparison of the time-resolved with the time-integrated
photocurrent of the CNTs. (a) Photocurrent signal Isampiing at the
sampling circuit for a time delay tpc.y < 13 ps. The pump laser beam
is focused at the position marked with a cross in Figure 2 (—3 V <
Vsp = 3V, Praser = 200 #W). (b) Isampling and Iphoo as a function of the
distance along the direction indicated by the dotted lines in Figure
2 (Vsp = 3 V, Plaser = 200 g W).

Generally, directly after optical excitation, the photoge-
nerated charge carriers redistribute in order to decrease the
local potential differences in the CNT network.”*” This
displacement of the charge carriers decreases the electric
field E in the irradiated region. In turn, the current density
in the CNTs can be described by a transient displacement
current density

Jp = €€, dE/dt (1)

with € and ¢, the relative and vacuum permittivity. For a
femtosecond excitation, the displacement current can have
a subpicosecond duration, although the carrier lifetime
exceeds hundreds of picoseconds.?”*®

Figure 3a shows the time-resolved Isamping as a function
Of tpetay fOT [Vsp| < 3 V. FOI tpelay < 7 PS, Isampiing €quals nearly
zero, because during this time delay, the electromagnetic
pulse generated at the CNTs has not reached the field probe
(see Supporting Information). At fpelay ~10.6 PS, Isampling
exhibits a first peak with a full width at half-maximum of
Wistreak ~ (2.1 £ 0.1) ps. We would like to note the following
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FIGURE 4. Time-resolved photocurrent dynamics of the CNTs. (a)
This graph shows Isampiing fOr tpeiay Up to 20 PS (PrLaser = 200 gW). It
exhibits a first and a second peak (triangle), both of which are fitted
by Lorentzian functions (lines) (0.5 V = Vsp < 3 V). (b) Isampiing for
tpelay €xtended to 1.8 ns with fit functions (lines). (¢) Isampiing for Vsp
= 2.5 V and the individual components of the fit function (lines).
The first and the second peak are fitted by Lorentzians depicted in
red and blue. The slow decay is fitted by an exponentially convo-
luted Gaussian function with fitting parameter 75w, depicted in
green.

points. First, the sign of the time-resolved Isamping can be
tuned by Vsp, and it directly corresponds to the one of the
time-integrated Ipnoo. SECONd, both signals vary in the same
manner as a function of the position of the pump laser, when
itis scanned between the two electrodes (Figure 3b). Hereby,
Isampling iS proportional to the electric potential landscape
within the CNTs. Therefore, we interpret the first peak of
Isampling tO result from an optically induced displacement
current,?”*® in accordance with eq 1. We point out that both
Ipnoto @and Isampiing depend linearly on the pump-laser power
P aser (data not shown).

As depicted in Figure 4a, we find that Isumping also exhibits
a second peak (triangle). It is delayed by trngpeak = (4.8 £
0.2) ps with respect to the first peak at ~10.6 ps. Such a
second peak results from the transport of photogenerated
charge carriers to the electrodes, as we recently demon-
strated for GaAs in a similar stripline configuration.?” In the
present experiment, the laser spot is located in the center
between the two electrodes. Therefore, the photogenerated
charge carriers in the CNTs need to propagate d/2 ~ (4.5 +
0.5) um, before they reach the metal contacts. Assuming an
average group velocity of the photogenerated charge carriers
in the CNT network, we can estimate its value to be vgroup =
dl Rtangpear) ~ (0.9 £ 0.1) x 10° ms™'. Within the experi-
mental error, the value does not vary with Vsp in our
experiment. Generally, the deduced value of vgoyp is con-
sistent with the Fermi velocity® in CNTs of ~0.8 x 10°ms™".
Furthermore, the value is significantly less than the propaga-
tion velocity Vejasmon = 2.7 x 10° ms™! of plasmon modes in
CNTs.? Hereby, the measurements suggest that single elec-

v © 2011 American Chemical Society

271

tron excitations and not plasmon modes dominate the
ultrafast optoelectronic response of freely suspended CNTs.

As can be seen in Figure 4b, Isamping also exhibits a slow
decay component. We utilize the sum of two Lorentzian
functions and an exponentially convoluted Gaussian to
account for all features in Isymping. The individual fit functions
are plotted in Figure 4c. A fitting parameter Tgj, describes
the exponential decay of the convoluted Gaussian, and it can
be associated with the slow decay. We find a value of 7gow
=248 £ 2 ps, independent of Vsp. We note that such a large
value of 7g0w iS not present when a LT-GaAs substrate
substitutes the CNTs in the stripline circuit.”” Following the
work by Auston,'® we interpret Tsew to be the lifetime of
photogenerated charge carriers in the CNT network.'® We
stress that it is outstanding to measure carrier lifetimes in
freely suspended, chemical vapor deposition grown CNTs,
because such CNTs have a typical interband transition
energy E,; below 1 eV."” This energy range lacks a suf-
ficiently fast photodetector. On top, our on-chip detection
scheme resolves the transport and photocurrent dynamics
in electronically contacted CNTs. Finally, we would like to
note that the scheme is sensitive enough to measure the
charge carrier dynamics in single semiconducting and me-
tallic CNTs.

In conclusion, we present an optoelectronic measure-
ment scheme with picosecond time resolution, allowing
time-dependent photocurrent studies of electrically con-
tacted nanosystems. In particular, we demonstrate that the
ultrafast photocurrent response of CNTs comprises a dis-
placement current and a transport current and that CNT
networks can be exploited as ultrafast photodetectors with
a switching time in the picosecond time scale. The data
further suggest that the photocurrent is finally terminated
by the recombination lifetime of the charge carriers. The
versatility of the presented optoelectronic technique recom-
mends further time-domain experiments with picosecond
resolution on electrically contacted nanoscale systems, such
as graphene,’® quantum wires, and nanowires.”'
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