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Photoelectrical Characteristics of a C/CN, Multiwalled Nanotube®**

By Kai Xiao, Ying Fu, Yunqi Liu,* Gui Yu, Jin Zhai, Lei Jiang, Wenping Hu,* Zhigang Shuai, Yi Luo,*

and Daoben Zhu*

A nanotube diode fabricated from a single C/CN, multiwalled nanotube exhibits a large photocurrent and a large photovoltage
under illumination. The current-voltage (I-V) characteristics of the diode indicate a clear rectification effect. By comparing
the I-V characteristics of C, CN,, and C/CN, nanotube diodes, we show that the rectifying characteristics of the C/CN, diode
arises from the molecular junction formed at the C/CN, interface where the C and CN, segments are chemically bonded. Exter-
nal radiation photochemically generates electrons and holes in the C/CN, nanotube, producing a large photocurrent because of
the influence of the strong electric field in the vicinity of the C/CN, junction. These unique photoresponsive characteristics of
C/CN, nanotube junction diodes points to potential applications such as photovoltaic devices and photodiodes.

1. Introduction

Since the first discovery of carbon nanotubes (CNTs) in the
1990s, there has been a lot of interest in the possibility of con-
necting segments of different types of CNTs to form novel
building blocks for nanoscale electronic devices and cir-
cuits.'>) CNTs with different electrical properties can be con-
nected via pentagon-heptagon pair-defects or other types of
defects.[*! There have also been reports of crossed nanotube
junctions without the formation of chemical bonds,™ as well as
more complex structures such as “T” or “Y” junctions.[s] Recti-
fication effects have been observed in the current-voltage
(I-V) characteristics measured across many intra-tube junc-
tions.>**'?l However, not much attention has been focused on
the use of CNTs in photoelectrical devices. The photoconduc-
tivities of single-walled CNTs (SWCNTs) have been recently
measured under near-IR,™ UV and IR-laser illumina-
tion.!>] Furthermore, the emission of polarized light has been
observed in CNT field-effect transistors.®!
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CNT p-n junctions and other junction diodes showing opto-
electronic effects have been fabricated by electrostatically de-
fining separate sections on a nanotube, using crossed-wire ge-
ometries, and by the modulated chemical doping of nanotube
sections. These CNT junctions are excellent candidates for op-
toelectronic devices with a much reduced dimensionality. Here,
we demonstrate a junction-type photoconductive diode based
on a single C/CN, multiwalled nanotube (MWCNT). We also
propose a novel phototransistor device wherein the electrical
current can be tuned by the intensity of the external radiation,
unlike conventional electronic devices, which are controlled by
electric or magnetic fields."7"®! Our results suggest that the
MWCNT junctions could potentially be useful for photosen-
sing applications such as in photovoltaic devices and photo-
diodes.

2. Results and Discussion

The C/CN, MWCNT device is schematically shown in Fig-
ure lc. Typical I-V characteristics of the device measured in
the dark and under illumination are shown in Figure 2a. Fig-
ure 2 shows two distinct features of this device: i) a large
photocurrent and a large photovoltage are obtained under
white light illumination, and ii) the -V characteristics are
asymmetric with respect to the polarity of the bias, thus exhib-
iting a rectifying effect.

Figure 3 schematically depicts the band structure of the
open-circuit C/CN,, photoconductive diode studied here. At
first glance, the junction appears to act as a macroscopic
Schottky junction since it is formed between a metallic C seg-
ment and a semiconducting CN,, section. The contacts between
the C/CN, MWCNT and the two electrodes are expected to be
ohmic, as indicated by the linear I-V characteristics of the C-
and CN,-CNT-based diodes. The C- and CN,-CNTs have been
determined to be metallic and n-type semiconducting, respec-
tively.[%”) It is worth noting that the C and CN, segments are
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Figure 1. a) Typical transmission electron microscopy image of a bundle
of C/CN, MWCNTs. The inset shows a single C/CN, MWCNT. b) Scanning
electron microscopy image of the connections between the C/CN,
MWCNT and the electrodes. c) Schematic structure showing a device
based on a single C/CN, MWCNT; the C/CN, MWCNT is about 2.0 um
long and has a diameter of about 50 nm.

linked by chemical bonds, and thus at the junction, the band
structures of the two segments are expected to be combined to
form a potential barrier. From a microscopic point of view, the
actual junction thus resembles a heterojunction, or more pre-
cisely a molecular junction. In this picture, the metallic C seg-
ment serves as a metal electrode, whereas the CN, segment
acts as a semiconducting electrode. The C-CN, junction be-
haves like a large molecule bridging the two electrodes.

The observed photocurrent and photovoltage are related to
the creation of electron-hole pairs after photon absorption.
The properties of the electron-hole pairs depend on their spa-
tial location along the C/CN, MWCNT. Excitons are expected
to form in the bulk sections of the MWCNT because of the
strong 2D quantum confinement, and thus a much enhanced
Coulombic electron-hole coupling is observed in the cross-sec-
tion of the MWCNT.”"! Consequently, the optical absorption
probability is increased, the drift-diffusion velocity of the car-
riers becomes larger, and the carrier relaxation time becomes
longer.[15’21‘22] On the other hand, the photogenerated electrons
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and holes in the vicinity of the C-CN, junction are directly
driven by the strong electric field across the junction (see sha-
dowed area in Fig. 3), thus generating the strong observed
photocurrent. Notably, the C/CN, MWCNT has a very high
carrier mobility of about 10° cm®*V~'s™.l'7) The photocurrent
and open-circuit photovoltage of the C/CN, MWCNT device
are plotted as functions of the optical excitation power in Fig-
ure 2b. The monotonic correlations between the photocurrent/
photovoltage and the optical power is consistent with the re-
sults shown in Figure 2a. Specifically, these results corroborate
the effective electron-hole separation in the C-CN, junction
and the efficient charge transport along the MWCNT.

Electron-hole pairs are generated in the C/CN, MWCNT
upon illumination with light. The photocurrent is obtained
when an external bias is applied across the C/CN, MWCNT. In
the case of an open circuit, a photovoltage V7, is generated
due to the extra photogenerated carriers in the C/CN,
MWCNT. To quantitatively describe the optoelectronic proper-
ties of the C/CN, MWCNT, we model the MWCNT as a long
effective-medium quantum wire with a cross-section defined
by its radius. Furthermore, we assume that the incident illumi-
nation is not polarized. Upon positioning the C/CN, MWCNT
along the z-axis, the energy structures of both the conduction-
band electrons and the valence-band holes consist of discrete
levels in the xy-plane, which are denoted as [E;, w;(x,y)], where
E; and w,(x,y) are the eigenvalue and eigenfunction of state i,
respectively. Along the z-axis, the wave function is in the form
of a plane wave ¢ Knowing the eigenvalues and eigen-
functions describing the active electrons, the interaction be-
tween the incident radiation and the electron is given by
miOA‘p :mioAxPx 1)
for the present device configuration, where the radiation prop-
agates along the y-direction so that its field vector A is decom-
posed into x- and z-components as (see Fig. 1c)

A=Ax +Azz0 (2)

Here e is the elementary charge, my is the electron rest mass,
and p is the momentum of the electron; x, and z, are unit vec-
tors in the x- and z-directions, respectively. It is easy to show
that

Pikg = (Wilx,)e"|A @ ply;(x, y)ei® ) =
[ . ay;(x, y)
Skq / / dxdyy; (x,y) —=——

3
e ®)
where ;. , represents the vertical optical transition because of
the small momentum of light. The averaged transition prob-
ability per unit time is

2_1'[ 62|Pij,k|2 r

4
ho my Q4T “
where

k2 k2
Q., =E. +—— _E. _
ik ’+2m:f ,+2m; ho 5)
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Figure 2. a) Typical I-V characteristics of a single C/CN, MWCNT in the dark and un-
der external illumination (26 mWcm™. b) Photovoltage Vj,, (O) and photocurrent
Ise (O) as functions of the optical excitation power. c) Theoretical calculation of the
|-V characteristics of a single C/CN, MWCNT in the dark and under illumination (as-
suming a photocarrier concentration of 10'® cm™). d) Theoretical predictions of the
photovoltage Vi, (&) and photocurrent I, (O) as functions of the photocarrier con-
centration (which is proportional to the optical excitation power). The solid lines are

shown only as guides to the eye.
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@ Electrons from dopants
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Figure 3. Schematic depiction of the band structure of the C/CN, MWCNT
photoconductive diode. CB denotes the conduction band edge, whereas
VB is the valence band edge. At the junction, the bands of the two seg-
ments are combined through chemical bonds to form a potential barrier.

m,, and my, are the effective masses of the conduction-band
electrons and valence-band holes, respectively, I” is the relaxa-
tion energy of the excited states, and Aw is the photon energy
of the incident radiation.

On the other hand, the cross-section of the MWCNT is effec-
tively quite large and thus we can neglect the discrete charac-
teristics of the energy sublevels in the xy-plane by dropping the
subscripts i and j. We further take into account the fact that the

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

generated carrier concentration is n’=[n(fiw)deo.
Note that in the above expression, the relationship be-
tween S and %o is determined by the light source used.

It is worth noting that f.(k) and f,(k) are modified
upon external illumination due to the generation of
photocarriers, and thus in general, the correlation be-
tween the photocarrier concentration and the optical
excitation power is not linear. At a quasi-thermal
equilibrium state,

1

1 +exp[(Ei +28- Ef)/kBT}

fe(k) )

and thus the carrier distribution function f.(k) can be corre-
lated to the photogenerated carrier concentration as

nan' = [ 1%

where n is the concentration of free electrons in the C/CN,
MWCNT without light illumination. Here, we have assumed
that the photogenerated carriers instantaneously reach thermal
equilibrium with the MWCNT lattice via various relaxation
processes.

In physical terms, the incidence of light on the C/CN, nano-
tube leads to the generation of electron-hole pairs. Since the
dark current in the C/CN, nanotube is much lower than the
photocurrent, the concentration of free electrons is expected to
be small, i.e., f.(k) << 1.0 before illumination. If the optical ex-
citation power is low so that under illumination, f,(k) is still far
less than 1.0, Equation 8 becomes

dk/n
Q4+ 172

(10)

2 ZS
n(ho)=" 1

= S 11
hm3ec x (1)

and thus the concentration of photocarriers in the C/CN, nano-
tube is proportional to the optical excitation power S. There-
fore, when the excitation power is low, we expect a linear rela-
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tionship between the optical excitation power and the concen-
tration of photocarriers.

When the optical excitation power is significantly increased,
photocarrier generation is determined by the Pauli exclusion
principle, which states that the initial electron state should be
occupied (i.e., fu(k)>0) and the final electron state should be
empty (i.e., fo(k) <1). With increased carrier concentration in
the conduction band, the corresponding quasi Fermi level also
increases so that for the same state k, the value of [1-f.(k)] de-
creases. This implies a decrease of the optical excitation rate at
k. The exact relationship between the optical excitation power
S and the photocarriers is therefore determined jointly by
Equations 8 and 10.

To theoretically model the experimentally observed relation-
ships between the photocurrent, the open-circuit photovoltage
Vi (Fig. 3), and S, we divide the carrier transport along the
z-direction into two parts. Electron transport through the C
and CN, segments is described by a drift-diffusion mobility
model with i =-enu, where i is the current, u is the drift-diffu-
sion mobility of electrons, and # is the carrier concentration.
The values of u and n in the C and CN, segments are obtained
by fitting the experimental -V curves in Figure 2a and b with
the theoretical expressions. Transport through the C-CN,, junc-
tion (Fig. 3) is modeled by the 1D Schrodinger equation

—-n* &

— 4V =F 12
amy a2 T V@) = Ev() (12)
where m. is the effective mass of the active electrons. In the
numerical calculations, we set m.=0.5 my,. V(z) is the potential
energy including the band offsets across the C-CN, junction.
This term also contains the Coulomb potential —e¢(z) arising
from ionized impurities described by the doping profile Np(z)
and the free carrier distribution n(z)

d d¢(z)
dz [S(Z) dz

= —e[n(z) — Np(2)] (13)

The external bias and the photovoltage are included in the
boundary conditions of the above Poisson equation. The car-
rier distribution n(z) is coupled to the Schrodinger equation
via

mm@“T%Nwm%++w%iﬂﬂ} (14)

2hn

where E; is the quasi Fermi level of free electrons in the C/CN,
MWCNT. It is assumed in the above formulations that the car-
rier transport along the z-axis is rather small so that the equi-
librium status of the electrons in the C/CN, MWCNT is only
perturbed by the external voltage. E¢ is always a valid physical
quantity.

At steady state, we consider carrier transport from the left
side of the C—CN,, junction in terms of an incoming plane wave
from the left side, a reflection wave from the junction back to
the left side, and a transmission wave through the junction:

[ ek preRif 7 > w
Vi (z) = { tkeiqz if z<0 (15)
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where w is the effective thickness of the junction, z <0 denotes
the left side of the junction, z >w denotes the right side of the
junction, and # and ry are reflection and transmission rates, re-
spectively.

k> g

= AV 16
2m}  2m} + B (16)

where AV g is the change in the conduction band-edge of the
C-CN, junction due to chemical bonding, as well as the appli-
cation of an external voltage and illumination. In the above
equation, k is the wave vector of the incoming plane wave
along the z-axis. The value of this vector is determined by the
available states on the left side of the junction. In numerical
calculations, the C segment is modeled as having a high free-
electron concentration of 10?' cm™. The current of the trans-
mission wave is calculated quantum mechanically as

. e d oy %
Ik —(\Vk*alzk_\i’k \gg) 17)

2im,*

It is easy to show that

. ek(1 - Iref?) _eqluf

18
ik = = (18)
Thus that the total current through the junction is
. . dk
i~ [0 (19)

An analogous approach is used to model electron conduction
from the right to the left side of the junction. The total current
across the junction is then coupled to the drift-diffusion current
in the C and CN, segments.

Figure 2c and d shows the calculated relationships of the
photovoltage and photocurrent with the optical power derived
assuming carrier concentrations of 10'7 and 10'™ cm™ for the
CN, segment in the dark and under 26 mW cm illumination,
respectively. We observe very good agreement between the ex-
perimental results and the theoretical model if we assume a lin-
ear relationship between the optical power and the photocar-
rier concentration. The numerically calculated photovoltage
Vi 18 0.28 V, almost the same as the experimental value. The
experimentally observed nonlinear relationship between the
photocurrent and the optical excitation power can be under-
stood based on the filling of the conduction and valence bands
by photogenerated electrons and holes. It is worth noting that
in the numerical calculations we have assumed a total carrier
concentration of 10" cm™ in the CN, segment under illumina-
tion to model the optical transitions (I, introduced in Eq. 4, is
therefore not used). Furthermore, the theoretical value of the
current in Figure 2d is largely determined by the carrier con-
duction in the CN, segment based on the mobility model that
best fits the experimental data. The most notable features are
the value of Vj,, and its nonlinear dependence on the external
excitation power, as shown in Figure 2b and d.

Another important characteristic notable in the -V plots is
the left-shift of the current dip after illumination, which is a di-
rect result of the generated photovoltage, as shown in Figure 3.
Before illumination, a barrier of v; needs to be overcome for
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the injection of electrons from the C segment to the CN, seg-
ment. This barrier becomes v,=v-V3, after illumination,
where V3, is the photovoltage.

The photocurrent of the C/CN, MWCNT device also de-
pends on the wavelength of the incident light. The maximum
photocurrent values are observed for red light in the 650—
750 nm range, as shown in Figure 4a. Figure 4b plots the
photoresponse as a function of time as the light source is
switched on and off. Depending on the optical excitation
power, the conductivity of the C/CN, MWCNT can be revers-
ibly tuned by three to four orders of magnitude so that the de-
vice works as a nanometer-scale photoswitcher.

In order to further understand the electron-transport proper-
ties of the C/CN, MWCNT, a back-side Au substrate has been
connected as a gate electrode, as shown in Figure 1c, converting
the diode device into a three-terminal transistor. The electrical
properties of the transistor are very similar to devices described
in the literature.'”! However, the resistance of the current C/
CN, MWCNT device can be modulated significantly by chang-
ing the optical excitation power. This photoelectric gain sug-
gests that optical gating (analogous to conventional electrical or
magnetic gating) is operational in our C/CN, MWCNT, result-
ing in a light-controlled “photo-field-effect transistor”.

45
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Figure 4. a) The photocurrent spectrum of the C/CN, MWCNT at zero ex-
ternal bias. The intensities at different wavelengths have all been normal-
ized to 1 mWcm™. b) Reversible switching of the C/CN, MWCNT be-
tween low- and high-conductivity states as a 5 mW cm™ white light source
is turned on and off. No bias voltage is applied during the measurements.

3. Conclusions

We have demonstrated that a large photocurrent and photo-
voltage can be induced in a C/CN, MWCNT device by external
radiation. Furthermore, the I-V characteristics of the device
and the observed photocurrent exhibit clear rectification ef-
fects. The results are explained by the formation of a molecular
junction between the C and CN, segments in the device. A
strong built-in electric field exists across the C-CN, junction,
which effectively drives the photogenerated electrons and

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

holes, generating the large observed photocurrent. The charac-
teristic photoresponse of the C/CN, MWCNT clearly shows its
potential in photosensing applications such as photovoltaic de-
vices and photodiodes (including the light-controlled transistor
reported in this work).

4. Experimental

The C/CN, MWCNT used in this work was composed of C and CN,
segments [6]: the CN, segment was bamboo-like, whereas the C segment
was cylindrical and straight. The cross-sectional diameter of the nano-
tube ranged between 50 and 70 nm (Fig. 1a). The photoconductive de-
vice based on this single C/CN, nanotube was fabricated as described
previously in the literature [17]. Field-emission scanning electron mi-
croscopy (JOEL JSM-6301F) was used to obtain detailed images of the
C/CN, MWCNT device (Fig. 1b). A 500 W xenon lamp was used as the
white light source along with a quartz optical fiber. Monochromatic light
sources were obtained by using the appropriate optical filters. The
photocurrent measurements were carried out on a model 600 voltam-
metric analyzer (CH instruments, USA). The intensities of the incident
beams were controlled using power and energy meters (Model 372,
Scienteck). IR light from the xenon lamp was filtered using a Toshiba
IRA-25s filter (Japan) to prevent the heating of the electrodes.
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