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ABSTRACT: We report investigation of optical response in a single strand
of a branched carbon nanotube (CNT), a Y-junction CNT composed of
multiwalled CNTs. The experiment was performed by connecting a pair of
branches while grounding the remaining one. Of the three branch
combinations, only one combination is optically active which also shows a
nonlinear semiconductor-like I−V curve, while the other two branch
combinations are optically inactive and show linear ohmic I−V curves. The
photoresponse includes a zero-bias photocurrent from the active branch
combination. Responsivity of ≈1.6 mA/W has been observed from a single Y-
CNT at a moderate bias of 150 mV with an illumination of wavelength 488
nm. The photoresponse experiment allows us to understand the nature of
internal connections in the Y-CNT. Analysis of data locates the region of
photoactivity at the junction of only two branches and only the combination
of these two branches (and not individual branches) exhibits photoresponse
upon illumination. A model calculation based on back-to-back Schottky-type junctions at the branch connection explains the I−V
data in the dark and shows that under illumination the barriers at the contacts become lowered due to the presence of
photogenerated carriers.

KEYWORDS: single carbon nanotube, Y-junction, photoresponse, zero-bias photocurrent, low-temperature electrical transport,
Schottky barrier

■ INTRODUCTION

Single-walled (SW) and multiwalled (MW) carbon nanotubes
(CNTs) have been at the center stage of research and
development in nanoscale electronic and optoelectronic devices
since the discovery of CNTs in 1991.1 A number of CNT-based
nanostructures have been discovered or proposed for nano-
electronics applications.2,3 The capability to use nanolithog-
raphy tools to connect electrical leads to a single CNT has
added new dimensions to the investigations as it allows
electrical and optoelectronic investigations on a single CNT.3,4

Other than the straight tubular CNTs, different geometrical
shapes like nanotubes with kinks, loops, and multiterminal
junctions have been studied. Branched nanotubes with three
arms, referred to as a Y-junction CNT (or Y-CNT), have been
synthesized and their structure and electrical transport
properties have been widely investigated.5−7 It appears that in
a Y-CNT, which involves the use of metal catalysts (e.g., Ni and
Ti), the junction has a structure that is different from the bulk.
It has been established by transmission electron microscopy
(TEM) that the Y-CNT made from MWCNT has a fish-bone

structure at the junction region where the graphitic layers that
make the nanotubes are oriented at an angle to the axis.8 The
Y-CNT junction regions made from single-wall nanotubes
(SWNT) have been suggested to contain topological defects in
the form of pentagon and heptagons for maintaining low-
energy sp2 configuration which are necessary to give it the
curvature.9 The fish-bone structure of topological defects at the
junction regions can act as scattering centers of electrons that
can affect the transport through the junction region. Electrical
transport measurements done on single Y-CNT6 as well as
scanning tunneling spectroscopy (STS) studies8 demonstrate
that while one can have symmetric dI/dV in the branches, near
the junction the dI/dV curve becomes asymmetric due to
emergence of semiconducting behavior. Three terminal Y-
CNTs with their self-contained gate terminal have gained
enormous interest by providing rectifying properties,10 switch-
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ing,7 and logic gates.7 In this paper we establish that the
junction region also acts as a center of photovoltaic activity.
Among the various exciting physical properties of CNT-

based nanostructures, optical responses have received a great
deal of attention due to the nature of exciton photo physics11

and efficient electron−hole pair generation.12 A number of
investigations addressed the issue of photocurrent in a single
CNT, in particular, those that performed spatially resolved
scanning photocurrent measurements that can identify the role
of localized p−n junctions/Schottky-type barriers in photo-
response.13−16 Different mechanisms proposed for photo-
response in such systems are intraband transitions and
generation of photon-induced excitons, or from Schottky
barrier (metal−semiconductor) height modulation. There are
also theoretical calculations/models that attempt to explain the
photoresponse properties in CNTs.17−20 In a recent
publication, the interest in the optical properties of CNTs
has been revived which identifies the differences in the
photoresponse in metallic and in semiconducting CNTs.21 In
the former type the response is thermal in origin and is related
to the generation of photoexcited hot carriers. In this context it
will be interesting to investigate what happens to the
photoresponse in a branched CNT nanostructure like a Y-
CNT.
In this paper we report photoconductivity in a single Y-CNT

that has branches of MWCNTs. It is noted that although
electrical transport in single Y-CNT has been studied (as stated
before) there is no report of optical responses from Y-CNT. By
checking optical response from a combination of branches
(arms), we find that the response as detected does not arise
from the arms of the Y-CNT but likely from the junction.
Interestingly, the Y-CNT junction gives rise to a zero-bias
photoresponse, suggesting a photovoltaic-type mechanism for
photocurrent generation that would be expected for the
semiconducting nature of the junction region. The observed
photocurrent increases with applied bias and can reach a value
in excess of 400 nA at a small bias of 150 mV for a moderate
optical power (at 488 nm) that corresponds to a responsivity of
1.6 mA/W. At zero bias under similar illumination the
photocurrent is ≈14 nA and a current gain over a dark current
of ≈1.5 or more. The photoresponse experiment, as we will
show, gives us an important tool that allows us to understand
the connectivity in a Y-CNT.

■ EXPERIMENTAL SECTION
The Y-CNT junctions were grown on bare quartz or Si/SiO2
substrates through thermal chemical vapor deposition (CVD). The
detailed process has been described elsewhere.7 Branching in such
CNTs occurs due to the presence of topological defects (as stated
before) which can be formed by insertion of metal catalyst particle at
the junction during synthesis. In our case, the Ti precursor has been
used for the junction formation.7 Figure 1a shows the scanning
electron microscopy (SEM) image at low scanning voltage of 5 kV.
The average diameter of each branch is 60 nm and the length of each
branch (including stem) is ≈5 μm. For electrical and photoresponse
studies Y-CNTs were dispersed on a silicon nitride membrane.
Contacts to a single Y-CNT were made using Pt deposited by a
focused ion beam (FIB) in a dual beam system (Helios 600). The Y-
CNT with Pt contact leads is shown in Figure 1b. Any damage due to
ion-beam radiation had been avoided, which reduces the defect density
inside the tube. The Pt contacts serve as interconnects to Au contact
pads which were securely printed on a chip carrier.
The transport properties like temperature (T)-dependent resistivity

(ρ) and current−voltage (I−V) characteristics were done by a direct
current method. We have taken special care for grounding of the

branches for successive measurements among interbranches and
intrabranches.7 This is needed because if the third branch is kept open,
it acts as a source of noise. To avoid shorting with a grounded branch,
we used a floating source for bias. To achieve floating source, we used
an isolation transformer’s output connected to our measuring unit’s
(high-precession digital multimeter) power supply. This arrangement
makes the whole system (measuring unit connected to first and second
branches) isolated from the Earth’s ground. As a result, the third
branch becomes automatically disabled to be getting shorted.
Additional electromagnetic shielding and use of coaxial cables were
used to reduce external noises. We also carried out our experiments
with the possible combination of branches as tabulated in Table 1 and
from which we identified the linear (photoinactive) and nonlinear
(photoactive) branch combinations.

■ RESULTS AND DISCUSSION
Electrical Measurements in the Dark. We measured I−V

characteristics at 300 K for all the branch combinations in the
dark. The I−V data for all possible combinations like [1]−[2],
[1]−[3], and [2]−[3] are shown in Figure 2a−c, respectively.
The I−V data shown as (I12−V12) is linear and nearly
symmetric. Similar linear I−V data are seen for the branch
combination [1]−[3] also. The two branch combinations taken
together involve all the three branches as well as two branch
contacts. The linearity of the I−V suggests that the three
branches and the contacts 13 and 12 are ohmic metallic
contacts. Since the branches are made from MWCNTs,
observation of the metallic behavior is not unexpected.6

Interestingly, however, the I−V characteristics for the branch
combination [2]−[3] show asymmetric nonlinear behavior as
shown in Figure 2c. The branch combinations like [1]−[2] and
[1]−[3] are less resistive (ohmic) compared to the particular
branch combination [2]−[3] (nonohmic), which can be readily
seen by comparing two I−V characteristics. The input voltage
V23 is nearly 25 times higher than V13 to draw the same amount
of current. We have restricted our measurement for current
≤800 nA to avoid damage of Y-CNT. The linearity of the I−V
data for branch combinations [1]−[2] and [1]−[3] along with

Figure 1. (a) SEM image of a single Y-CNT with two branches and a
stem of average diameter 60 nm. (b) The FIB-deposited Pt contact
leads are connected with a Y-CNT to form a device.

Table 1. Inter- and Intrabranch Configuration for Study of
I−V Characteristics and Photoresponse

combination of
branches

branch
grounded I−V characteristics photoresponse

[1]−[2] and
[2]−[1]

[3] linear ohmic inactive

[1]−[3] and
[3]−[1]

[2] linear ohmic inactive

[2]−[3] and
[3]−[2]

[1] nonlinear nonohmic active
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the fact that this is nonlinear for the combination [2]−[3]
suggest that the contact 23 (between branch [2] and [3]) is
nonohmic and has finite barrier to transport. Since branches [2]
and [3] show linear behavior, the source of nonlinearity is at
the junction region.
The temperature-dependent resistivity data for a Y-CNT are

shown in Figure S1 in the Supporting Information. We have
measured resistivity (ρ) as a function of temperature (T) with a
current of 400 nA between branches [1]−[3]. Similar data are
also shown for the branch combination [1]−[2]. The measured
resistance as well as calculated ρ ∼ 0.01Ω-m at 30 K matches
with earlier experiments carried on a single MWCNT.7,14,22 It is
difficult to measure contact resistance exactly in a three
terminal device. However, comparing the resistivity value with
earlier experimental values confirms low contact resistance and
the intrinsic nature of the CNT.14,22 For the branch
combination [2]−[3], the I−V curve being nonlinear (shown
in Figure 2c), the resistivity is measured at lower current (I ≤
100 nA). The measured ρ at 30 K is ≈10 Ω-m.

Measurement of Photoresponse. Photoresponse has
been measured with different branch combinations with two
different laser wavelengths λ1 = 488 nm and λ2 = 785 nm.
Experiments were performed under a laser spot size of 1 μm.
Figure 3a shows a schematic diagram of the circuit for
photoresponse studies under different light illumination. The
data on photoactivity is summarized in Table 1. It has been
found that for linear branch combinations [1]−[2] and [1]−
[3] there is no photoresponse within detectable current limit
(few picoampere). However, in the branch combination [2]−
[3], we observed nonlinear and nonohmic behavior. Absence of
photoresponse in the other two branch combinations [1]−[2]
and [1]−[3] show that none of the branches, which are
metallic, show any photoresponse. Similarly, contacts 13 and 12
also cannot be the origin of photoresponse. By elimination of
different combinations and the fact that the photoresponse
occurs only with the branch combination [2]−[3], it is possible
to locate the origin of the photoresponse at the branch contact
point 23.
In Figure 3b we show the response of the Y-CNT when the

light is switched ON and OFF. The data have been taken with a
small bias of ∼1.0 mV. The photocurrent (Iph) responds to the
power ON/OFF (the speed of light modulation is around a few
milliseconds) and there is no persistent photoconductivity
observed on power OFF as is seen in photoconductors that
have deep trap states. Similar data can also be seen at longer
illuminating wavelength λ2 = 785 nm.
In Figure 3c we show the zero-bias photocurrent (Iph(V =

0)) as a function of illumination power. It is noted that the
zero-bias current in the dark (arising mainly due to bias current
of the amplifier) is ∼1.5 nA. Thus, even for the lowest power
used the zero-bias photocurrent is larger than the dark current
at zero bias. The important aspect of the photoresponse seen
with branch combination [2]−[3] is that a finite photocurrent
is also seen when no bias is applied between the contacts. The
Iph(V = 0) at zero bias has been measured with varying
illuminating powers (λ1 = 488 nm) as shown in Figure 3c. At
low illumination, Iph(V = 0) varies linearly with illumination
power but it saturates at higher power. Such a saturation of the
zero-bias photocurrent may arise due to trapping, and
recombination of the carriers within the nanotube, in particular,
due to existence of localized traps.23

The zero-bias photocurrent has photovoltaic origin where
the carrier separation arises due to the built-in potential at the
branch contact.23 We will discuss this issue later on where we
propose a simple model of the junction that can give rise to
selective photoresponse in a branch contact. It has been
observed in different types of nanowires that range from Si
nanowires24 to charge-transfer complex nanowires,25 and very
recently, in networks of Si and Ge nanowires.26

In Figure 4a,b we have plotted I−V characteristics measured
under illumination for different laser powers available for λ1 and
λ2. We have restricted our current limit to ∼800 nA to avoid
the damage of the branch. The Y-axis, Iph, denotes the total
current, that is, the sum of dark current I0 and the
photogenerated current from the Y-CNT under illumination.
In Figure 4c we have magnified the low-voltage biased region
(−6 mV ≤ V ≤ 6 mV) to record dark current for λ1 and λ2,
respectively.
In Figure 4d we plotted the gain of the current Iph to the dark

current (Iph/I0) as a function of illumination power for the two
illumination wavelengths λ1, and λ2 measured with a low
applied bias of 50 mV. For both wavelengths, the current gain

Figure 2. (a, b) Linear and (c) nonlinear I−V characteristic for [1]−
[2], [1]−[3], and [2]−[3], respectively, at 300 K. Insets of (a), (b),
and (c) show the electrical connections between different branch
combinations. The solid lines in Figure 2c show the theoretical fit (eq
1) based on the proposed model of back-to-back Schottky junctions
(see text).
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Iph/I0 is similar and increases linearly with laser power until it
saturates as the power →20 mW. This implies broad spectral
response. (Note: At zero bias, the photocurrent tends to
saturate at a lower laser power, see Figure 4c). Due to limited
power availability for the illumination at λ2, saturation of the
photocurrent could not be observed. The observed current gain
reaches a value of ≃1.53 for 22 mW of laser power which is
much higher than that observed in earlier work on MWCNT
bundle (Iph/I0 ≈ 1.16 at a similar laser power 24 mW).14 In the
present investigation the photoresponse appears to be
originating at the branch junction (23) and not on the
branches. The larger current gain would imply that the junction
has a higher photoresponse.
We have calculated parameters like responsivity ℜ and

quantum efficiency Qe related to conversion efficiency of power
of the Y-CNT as tabulated in Table 2 for three representative
biases.14 The values are for the largest power used (21 mW),
assuming that all the power that falls over the lengths of the
three branches is absorbed. Since this assumption overestimates
the power absorbed, the value of ℜ (current per unit power

Figure 3. (a) Schematic model of the specific contact behaviors for single Y-CNT and electrical contact pads. (b) The photocurrent (Iph) responds
to the power ON/OFF with speed of light illumination. Data were taken with a small applied bias ∼1 mV. (c) The power dependence of zero-bias
Iph (V = 0) for λ1.

Figure 4. (a, b) I−V characteristics of Y-CNT measured under
illumination for different powers available for λ1 and λ2, respectively.
(c) Magnified I−V curves within −6 mV ≤ V ≤ 6 mV to show the
current response at very low bias voltages. (d) Power variation of
current gain Iph/I0 under illumination.

Table 2. Responsivity (ℜ) and Quantum Efficiency (Qe) for
Photoactive Branch with λ1 = 488 nm and Power (21 mW)

bias voltage (mV) ΔI (×10−9 A) ℜ (mA W−1) Qe (%)

50 122.3 ± 3.5 0.48 ± 0.01 0.123 ± 0.002
100 247.5 ± 8.5 0.98 ± 0.03 0.249 ± 0.007
150 410.0 ± 11.5 1.63 ± 0.05 0.413 ± 0.012
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absorbed) is an underestimation. (Note: Qe is defined as
100 λ×ℜ × (1.2395 / )). ℜ and Qe both increase with applied
bias and the photoresponse of the Y-CNT has a responsivity
comparable to that observed in a bundle of SWCNT.14

The principal observation is that Y-CNT shows substantial
photoresponse, a phenomenon that has not been reported
before. It has also been observed that of the three branch
combinations only one branch combination that shows
nonlinear nonohmic transport (I−V) curves show photo-
response. This leads to localization of the photoresponse at a
specific branch contact. This also would imply a specific
internal structure of connectivity of the branches. This is
elaborated upon in Figure 5. When three branches meet, the

connectivity can have a single point of connection like a “Star”
connection as shown in Figure 5a, or it can have distinct
pairwise connections of the junctions like a “Delta” connection
as shown in Figure 5b. If the transport is measured pairwise,
then for the “Star” connection, if one measures two pair
combinations like [1]−[2] and [1]−[3], then the combination
[2]−[3] is automatically determined. For instance, if [1]−[2]
and [1]−[3] show metallic and linear transport, the
combination [2]−[3] will also be metallic. This because the
connection point is common. However, for the “Delta”
connection, the connections of the branch pairs being distinct,
the combinations [1]−[2], [1]−[3], and [2]−[3] will be
independent and can show different behavior. Our observation
that two of the branch combinations are linear (metallic type)
with no photoactivity while one branch combination shows
nonlinear semiconducting-type behavior and also substantial
photoactivity strongly suggests that the Y-CNT used here have
“Delta” connection in the junction region. In that case we can

locate the photoactivity at the point where the branches [2]
and [3] make contact.
We further develop this model of the junction region based

on the important observation that the photoresponse shows a
zero-bias photocurrent. A zero-bias photocurrent generally
arises due to photovoltaic mechanism where the electron−hole
pair is separated by built-in bias from a rectifying contact. The
measured I−V curve though nonlinear and asymmetric does
not show a strongly rectifying behavior as is expected from a
single p−n junction/Schottky-type contact and observed in
some Y-CNT measurements.6 However, the observed I−V
curve in the present investigation can be explained if the branch
connection 23 contains a back-to-back Schottky-type junction.
It needs to be qualified that the Schottky-type junction can arise
due to depletion layer that forms when two nanotube regions
with different band gaps join. Hence, the proposed structure of
the Y-CNT junction is shown in the schematic in Figure 5c.
Junction of the three branches forms a “Delta” connection, of
which the branch contact 23 consists of back-to-back Schottky
junctions (with barriers). This arrangement results in ohmic
behavior for 12 and 13 contacts and a semiconducting 23
contact.
The I−V characteristics are obtained for branch combination

[2]−[3] using the above model of back-to-back junctions
connected by a series resistance which we mark as RYCNT.

27 The
current I for this MSM device can be written28 as
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where V′ = V − IRYCNT and I0 arises from thermionic emission.
The two Schottky-type contacts have different barrier heights
φ1, φ2 in view of the asymmetry in the data. In such a
configuration one of the junctions is always forward biased and
one reversed. As a result the barrier height of the reversed bias
junction controls the current flow. The fitted data with eq 1 has
been shown as solid lines in Figure 2c. The barrier heights
observed are ≈0.22 eV. To be exact, the best fit is obtained with
φ1 = 0.23 eV, φ2 = 0.22 eV. The small difference shows as small
asymmetry in the I−V curve. These barriers are comparable to
other reports on single semiconducting nanotube29 and
nanowire.30

The zero-bias photoresponse shows that the built-in electric
field at the inner contacts collect the charge after separation.
The finite current happens due to the slight difference in the
barrier potentials that breaks the symmetry of the two
junctions. Since the photogenerated carriers are created in
the close proximity of the Schottky-type contacts, there is a
possibility that the barriers heights will be lowered due to
increase in carrier concentrations (n) that changes the chemical
potential. The fit of the I−V data under illumination is used to
estimate the lowering of the barrier heights. For both the
contacts, barrier heights reduces by 0.3 eV (Δφ) for an
illumination of 21 mW at λ1. If it is due to lowering of chemical
potential due to photogenerated carriers, then (Δφ ≈ (kBT/q)
nph/n0), where q is the magnitude of the electronic charge, kB is
the Boltzmann constant, nph is the carrier concentration after
illumination, and n0 is the carrier concentration in the dark.
Using the above relation, we find nph/n0 ≈ 12. This is the order

Figure 5. Schematic diagram of the configurations for branch
combinations: (a) Star connection and (b) delta connection. (c)
Model of the proposed structure of Y-CNT containing a back-to-back
Schottky junction along with the branches.
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of the change in the carrier density that occurs in the Y-CNT
branch contact region.
The presence of catalyst particle in the junction region or

even due to different energy level spacings/spectrum due to
different tube diameters of the branches may be responsible for
such photoresponse. Since these can vary depending on the
synthesis process, it is likely that the behavior that we have
observed will be the same/similar to all Y-CNTs.

■ CONCLUSIONS
In summary, we report photoresponse in a single Y-CNT using
pairwise branch combinations while the third branch is
grounded. It is reported that the photoresponse in the given
Y-CNT arises only in one branch combination ([2]−[3]) that
show nonlinear and asymmetric I−V curve, while the two other
branch combinations ([1]−[2] and [1]−[3]) show linear I−V
curves and are photoinactive. The photoresponse observed for
a single Y-CNT, in the range of 1.6 mA/W, is reasonable
considering the photoresponse in single CNTs; in particular,
the responsivity is higher than that reported in the bundle of
SWNT and MWNTs. It must be noted that there is no
published report of optical response in Y-CNT.
On the basis of the observation of a single photoactive

branch combination ([2]−[3]) in the Y-CNT, a model for the
connectivity of the branches in the junction region is proposed.
It is also proposed that the photoresponse does not arise in the
branches, but it arises in the junction region, where the
combination [2]−[3] meet in a semiconductor-like junction.
The photoresponse experiment thus gives us an important tool
that allows us to understand the internal connectivity in a Y-
CNT.
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