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MATERIALS

or plasma, as can be seen in Figures 3,4, so that we cannot ap-
ply a similar model.

When using an electron beam instead of an ion beam, the
CNTs could not be aligned, which indicates that the mass of
the charge carrier is possibly involved in the process.

The CNT aligned by this method maintains its elasticity, as is
observed in the bending test with a nanomanipulator installed
in the scanning electron microscope. Furthermore, we could
obtain stable SFM images with the aligned CNT tip.['")

We believe the impact of our findings will not be limited to
the field of SFM. In general, the alignment of CNTs is a cru-
cial issue for their testing and application. So far, several pro-
cesses have been reported, including cutting a polymer resin/
CNT composite,[zo] rubbing CNT films,?" and electrophore-
sis.’?l These are mechanical and electrical methods, where
CNTs are aligned in groups on a surface. The new method de-
scribed here is unique since it can treat individual CNTs in
space (vacuum) and use the interaction with the beams of
charged particles.

The understanding and knowledge of the process reported
here is preliminary and far from complete. Future work
should investigate the ion beam/CNT interaction, the struc-
ture and properties of the CNT after irradiation with the FIB,
and the development of new experiments and applications
that are enabled by this process.
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Photocurrent Amplification at
Carbon Nanotube-Metal Contacts**

By Der-Hsien Lien, Wen-Kuang Hsu,* Hsiao-Wen Zan,
Nyan-Hwa Tai, and Chuen-Horng Tsai

Single-walled carbon nanotubes (SWNTs) are promising
electronic materials and have been fabricated into various
nanodevices, such as sensors for dipolar molecules and field-
effect transistors (FETS).[I’Z] Recently, the study of carbon
nanotube (CNT) FETSs has focused on current modulation by
gate control.®#! Carbon nanotubes brought into contact with
metals form Schottky barriers, and the metal Fermi level (Eg)
falls to the mid-bandgap value of the CNTs, resulting in
the formation of ambipolar FETs.>®! Heinze et al. have con-
structed various contact geometries and have realized that
sharper contact structures lead to electric-field enhancement
in the Schottky region, and thus a higher current is produced
at a lower threshold Voltage.m This result suggests that the
electrostatic potential within nanotubes is highly sensitive to
external electric fields at the junction region. Meanwhile, the
contact potential varies with surface polarization owing to O,
absorption, leading to an asymmetric current-voltage (I-V)
profile at zero gate voltage.®! In this work, we demonstrate
photocurrent generation at SWNT-electrode contacts at zero
bias. This current can be significantly amplified by a factor of
4-7 under bias-voltage operation. It has also been found that
the generation of current is faster under negative bias than at
positive bias voltages by a factor of 6-7. The above phenome-
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non resembles the behaviour of conventional Si-based Schott-
ky diodes, and the underlying mechanism involves reduction
of the barrier height and widening of the depletion region
upon application of a bias.

In order to minimize heating at the film—electrode contacts
owing to infrared radiation, and O, desorption from SWNTs
by UV-light exposure, a green laser with an energy of 5 mW
has been employed as the illumination source. In-situ mea-
surements of photocurrent have been made by two different
methods. First, photocurrent is collected as a result of target-
ing the beam on the film and electrodes A and B, with and
without bias control (Figs. 1a—c). Secondly, the beam is con-
secutively shifted from electrodes A to B, and then towards C,
and current collection is carried out under positive and nega-
tive bias, respectively (Fig. 2a). In our experiments, the bias
voltage across electrodes A and B (Vy;.s A-B) and across
electrodes B and A (Vs B-A) are defined as positive and
negative bias, respectively. The probe C is electrically con-
nected to the ground.

When the beam is focused only on the film at zero bias, no
distinguishable photocurrent is collected (Fig. 1b), whereas a
noticeable current has been detected when the beam is tar-
geted on both electrodes (Figs. 1a,c). The profile shows a mir-
ror symmetry, and the current collected at electrodes A and B
are of a similar magnitude, ~0.18 pA (Fig. 1le). Interestingly,
when the beam is targeted on either A or B at 0.8 mV bias, the
current is immediately increased to 0.8 and 1.2 pA, respective-
ly (Fig. 1f); values which are a factor of 4-6 higher than cur-
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rents depicted in Figure le. Repeat experiments on different
samples exhibit similar results. Figures 2a,b show photocur-
rent production as a function of successive beam shift from
electrode A to C at 0.5 mV. The current generated is 1 pA at
electrode A (panel 1), and decays with spot movement to po-
sition 2 by ~0.5 pA (panels 1,2, Fig. 2b). A larger negative
current (—1.4 pA) is re-established as the beam moves on to
electrode B (panels 3,4, Fig. 2b). The current again decreases
when the beam shifts from B towards C, and the current pro-
duced at positions 5 and 6 are 0.8 and 0.6 pA, respectively
(panels 5,6). Figure 2b indicates that a) a higher current is ob-
tained when the beam is focused on the film—electrode contact
rather than on the film, and b) a higher current is always pro-
duced by the laser beam at the electrode which is at a negative
bias. These two observations have been verified by repetitive
experiments on different SWNT films. It is thus clear that illu-
mination by the laser is responsible for the higher current
generation seen in this contact structure. Accordingly, it is im-
portant to characterize the nature of the SWNT-electrode
contact. We have carried out aerial measurements of thermal
electric power (TEP) on the nanotube sample, and the See-
beck coefficient is positive (51.3 pV K1), which indicates that
the SWNTs are a p-type material, and that the contacts are
of a metal/p-doped semiconductor type. In other words, the
SWNT-film hung between Zn electrodes is equivalent to two
Schottky diodes connected opposite to each other (Fig. 1d).
Classical photodiodes consist of a p—n junction operating un-
der negative bias, and the photocurrent always flows from n to
p- When our system is positively biased
(Vpias A-B), with the beam focused on
electrode B, the photocurrent is gener-
ated at electrode B and flows towards
A, because B is at a negative bias with
respect to A (upper panel, Fig. 1d). A
similar situation occurs for Vi;,s B-A,
the photocurrent is produced at electro-
de A, and flows towards B (lower panel,
Fig. 1d). Thus the higher current with
a minus sign seen in Figure 2b (pan-
els 3,4) corresponds to Figure 1d (upper
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panel). Photocurrent generation in our
Schottky contact increases with light
intensity by ~0.04 yAmW™', and the
maximum photocurrent reaches 1.4 pA.
The quantum efficiency (#,n) and re-
sponsivity (§) have been calculated to
be 0.093-0.1% and 0.04-0.06 % AW,
respectively; the latter is much lower
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Figure 1. A green laser spot a) on electrode A, b) on the film, and c) on electrode B. d) Two photo-
diodes connected opposite to one another. e) The corresponding photocurrent versus time ob-
tained for (a—c) at zero bias, and f) the corresponding photocurrent versus time profile obtained
for (a—c) at £0.8 mV bias voltage. The sharp increases/decreases in photocurrent correspond to

movement of the beam between the positions indicated in (a—c).
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standable because the population of
semiconducting SWNTs in thin films is
essentially limited, and screening effects
of the neighboring metallic SWNTs re-
duces the exciton density in the deple-
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Figure 2. a) The beam spot shifts from electrode A to B (grounded electrode) and towards C, and b) the corresponding photocurrents that are estab-

lished.

tion region.[g] Previous workers have carried out similar ex-
periments on a single SWNT and have realized a higher quan-
tum efficiencies (#7,n>10 %).1% This outcome is mainly a re-
sult of the strong electric field established in short nanotubes
that efficiently separates more e-h (electron-hole) pairs.
When a SWNT film is hung between electrodes, the electric
field becomes apparent only at regions near the contact.
Photocurrent generation at positions 5 and 6 is interesting
(Fig. 2b), and can be regarded as a third photodiode con-
nected in series with electrodes A and B, under Vi, A-C.
As-made SWNTs are essentially O,-saturated, and the ad-
sorbed molecules can be considered to be an intermediate
layer between the tubes and the electrodes."!! The attached
molecules enhance the tube surface dipole, and the electrons
are therefore strongly confined in the SWNTs, resulting in a
stronger electron affinity. This description is further supported
by the presence of a high specific contact resistance in our de-
vices. An ideal Schottky contact has R, below mQcm?, and
here we have obtained R.=30-50 Qcm?. Consequently, car-
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rier passage through Schottky barriers must rely on tunneling
processes. According to Yu’s model, the type of carrier trans-
mission through a barrier can be determined based on Equa-
tion 1:1%

Etunneting = 18.5x 10’15[N/(m*/m)8]1/2 eV )

where Enneling 1S the tunneling electron through the Schottt-
ky barrier with energy equivalent to the bottom of the con-
duction band in the depletion region, N is the doping concen-
tration, and ¢ and m*/m are the permittivity and effective
mass of SWNTs, respectively. Since electron tunneling
through a barrier is dependent upon temperature, the gEu,-
neling/ kBT (g: electron charge: kg: Boltzmann constant; 7: tem-
perature) ratio is normally used to indicate the type of carrier
passage through the barrier. If g Etunneling/kT << 1 the transport
is thermionic emission, and for g Eynneling/kT21 the mechan-
ism is field emission. Here the N value needs to be estimated
in order to obtain the Enneliing Value. The carrier density of

Adv. Mater. 2006, 18, 98-103
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metallic SWNTs is ~ 8 x 10'® cm™, as measured using solution-
phase electron paramagnetic resonance (EPR) spectros-
copy.®! This value is comparable with that of multiwalled
CNTs (1 x10%-10" cm™).1 O,-saturated bulk SWNTs show
a 10-15 % decrease in resistance compared with the value
obtained in vacuum, and this has been attributed to the intro-
duction of metallic properties in semiconducting tubes by O,
doping.“s] Calculations reveal that each spin-triplet molecule
extracts 10 % of the electrons from semiconducting nanotubes
and the doping concentration N can be inferred based on

Niotar = NZCXP(—Ed/2kB T) (2)

where the total carrier density Ny iS set at 10" ecm™, the
ionization energy of oxygen Ey is 0.16 eV, and the thermal
energy kgT is 26 meV. Thus, N is roughly around 10'® cm™.
By substituting N into Equation 1, we obtain qEnneling/
kT ~8x 107, indicating a thermionic emission model for the
present study. The intermediate O, has a negative effect on
the electric-field build-up at the depletion region; specifically,
tunneling electrons are trapped by O, owing to so-called
charge neutralization. Accordingly, the strength of the electric
field (E) at the depletion layer, which is usually determined
from the potential drop across the junction (Vy), is therefore
anticipated to be lower, compared with perfect contact de-
vices."!l The relationship between E and Vg is written as

E=.\/2qNV,/e 3)

By setting &=25 and N=1x10", we obtain
E=./128 x1073V,. For conventional Si-based Schottky de-
vices, V4 is 0.5 V. If one considers a similar value for the pres-
ent study, E appears to be 0.025 Vm™. This value is compar-
able with classical devices and is responsible for photocurrent
generation at zero bias, i.e., the photovoltaic effect. Work
functions of Zn and an ideal (10,10) SWNT are 4.35 eV and
4.5 eV, respectively,'*!”) which means that the equalized Fer-
mi level lies approximately between the mid-gap and valence-
band edge of SWNTs in the junction region. The barrier
height can therefore be evaluated according to Equation 4

bo=Egpm+de+AU 4)

where ¢y and ¢ are workfunctions of the metal and SWNT
electron affinity, respectively, and AU is the diffusion poten-
tial (~0.15 eV)."!l The electron affinity of SWNTs has been
estimated to be 2.84 eV and 4.18 eV, based on (5,0) and (16,0)
CNT models, respectively;'®!?! the latter value seems to be
more reasonable because ¢. increases upon exposure to
adsorbed molecules and the current samples approximate
(16,0) tubes. When ¢.=4.18 eV is used, we obtain
¢p=0.48 eV. This value is higher than individual SWNT
Schottky devices by 0.1 eV, whereas it supports previous con-
clusions that the increased ¢, upon O, doping can prevent
electrons from being injected into the junction.’! In other
words, the current collected in Figures le,f truly originates

Adv. Mater. 2006, 18, 98-103
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from photoexcitation at the tube-metal junction. Current gen-
eration at electrodes as a result of laser heating (i.e., thermo-
electric power) is unlikely, because such a current cannot be
amplified via bias-voltage modulation.

Three factors can lead to the bias dependence of photocur-
rent production seen in Figures 1f,2; namely, a) widening of
the depletion layer, b) effect of the O, interfacial layer, and
c) reduction of ¢, The second factor can be immediately ruled
out as our junction devices rely on an emission mechanism.
Widening of the depletion layer only occurs in p-n junctions
under reverse characteristics, thus the increase of the photocur-
rent by bias voltage must be caused by the third factor. The de-
crease in ¢, upon the application of a bias is directly related to
image forces at the junction interface. The image force means
that electron transmission through the barrier is accelerated by
counter charges at the opposite surface, and the image poten-
tial reduces the barrier height. The initial barrier height (¢,)
therefore needs to be modified to an effective barrier height,

¢e = ¢b_§bi (5)

where ¢; is the barrier lowering resulting from the image
force. The intermediate O, layer together with the image
force complicates the interfacial characteristics, and thus the
initial model for current passage through the barrier

J=]o[eXP(quias/kT)—1] (6)
needs to be revised. The amended model involves an ideality

factor and an effective mass in order to justify the relationship
between the current density through the barrier and Vs

]:JO[eXp(thias/nkT)] [1_exp(_qvhias/kT)] (7)
where
Jo= ATexp(-qp/k T) (8)

and A is the Richardson constant corresponding to the effec-
tive mass in semiconductors (= 1.2 x 10°(m*/m)), n is the ideal-
ity factor, and

Un=1-3¢/dV (9)

Equation 7 indicates that the effective mass plays a crucial
role in determining current generation upon bias application,
and that the ideality factor is indicative of system characteris-
tics. For a small n value, devices are usually regarded to have
an ideal contact structure and the /-V profile is linear. Larger
values of n imply the presence of an intermediate layer be-
tween the metal/semiconductor interface. Since the effective
mass varies with tube diameter, the ideality factor (n) for the
current devices can be calculated by plotting In{J/[1-exp(-¢qV/
kT)]} against Vi, over different m*/m.'8! Figure 3a shows
larger fluctuations above 0.5 mV and below —0.5 mV, indicat-
ing that the ideality factor is not a constant in both regions,
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and thus the photocurrent increases with a higher Vi, in the
Schottky junction in a nonlinear manner. This is understand-
able because a higher bias enhances charge accumulation at
the absorbed O, layers between the SWNTs and the Zn sur-
face, and thus the junction behaves as a plate-to-plate capaci-
tor in some respects. Between £0.5 mV the ideality factor
only deviates slightly, indicating a stable current amplification
upon bias ramping. This effect is interesting and has not been
previously reported, as the photocurrent can still be amplified
linearly between +0.5 mV in the presence of the oxide layer.
Figure 3b shows the current-density-versus-bias profile, which
reveals a linear current increment with Vi, ramping, and a
greater current increment at a larger effective mass, consistent
with Figure 3a. The inset to Figure 3b shows an I-V profile
without illumination as a comparison. A larger effective mass
means a greater density of states near the valence-band edge,
and thus the tunneling probability through the junction in-
creases and the current is increased.'” It is unlikely that the
increase in current and tunneling probability occurs as a result

www.advmat.de
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Figure 3. a) Ideality factor (n) versus bias voltage for dif-
ferent effective masses; n is expressed as the slope of the
lines. b) Current density versus bias voltage for different
effective masses. Inset shows an |-V profile for a film with-
out illumination as a comparison. The linear profile is due
to dark current flow though metallic tubes when there is
no illumination. c) Comparison of current build-up rate at
positive (upper) and negative bias (lower).

of extra tunneling via metal/vacuum/metallic-SWNTs (note
that metallic SWNTs are also in contact with the electrodes),
as the work functions of metallic SWNTs (4.5 eV) and Zn
(4.35 eV) are significantly greater than the barrier height
(¢p=0.48 eV). The higher current collected at negative bias
is clearly a result of the widening of the depletion region
(Fig. 1f, position 4 in Fig. 2), because more photocarriers are
produced when the depletion layer is widened (note that in a
photodiode, e-h pairs are only separated in the depletion
region).

The rate of photocurrent build-up at the SWNT-Zn contact
has been compared at positive and negative bias. Figure 3c
shows a profile of current creation versus time-dependent-
illumination at 0.5 mV (top) and at -0.5 mV (lower panel).
The corresponding current and build-up rate are 0.8 pA at
0.5 pAs™ and 1.4 pA at 0.08 pAs™, respectively; the latter is
faster than the former by a factor of 6-7, and the overall cur-
rent switching occurs on a scale of milliseconds. The faster
and higher current build-up at negative bias is attributed to an

Adv. Mater. 2006, 18, 98-103



ADVANCED

enhanced photovoltaic effect, because more e-h pairs are sep-
arated by the electric field in the widening region.

In summary, photocurrent has been produced at SWNT-Zn
contacts with zero bias. This current is amplified by a factor of
4-7 upon application of a bias, and higher currents are always
achieved at the electrode opposite to that with positive bias.
Between +0.5 mV biases, the ideality factor only deviates
slightly and the current increment scales linearly with bias
ramping. Nonlinear current amplification emerges above
0.5 mV and below —0.5 mV, owing to charge accumulation at
the interfacial O, layer. Carrier passage through the junction
is essentially tunneling-type and device switching is of the or-
der of milliseconds. The current build-up at negative bias is
faster by a factor of 6-7 over that of positive-bias operation.

Experimental

SWNTs were made by the pyrolysis of a mixture containing ferro-
cene, benzene, and thiophene in the presence of H, [20]. The as-made
materials were cotton-like and consisted of networked and tangled
SWNT ropes, with the SWNT diameter being around 1.1-2 nm. The
relationship between the diameter of semiconducting SWNTSs and the
photoexcitation energy has been discussed previously, and peaks were
observed at 0.6 and 1.3 eV, corresponding to E; ; and E, , transitions,
respectively [9,21]. We found that on dispersing the cotton-like sam-
ple (50 mg) in acetone (100 mL) by using a ultrasonic probe for
10 min, thin films of SWNTSs separated out from the bulk. We have
extracted these thin films and transferred them onto two aligned Zn
electrodes using pipettes. When the acetone solution was dried, the
SWNT film appeared to be hung between the electrodes (Fig. 4a).
The film thickness was ~200-400 nm, determined by a-step (Fig. 4b),
and the film resistance changed from sample to sample, usually be-
tween 100 and 800 Q.
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Figure 4. a) A SWNT film hung between Zn electrodes, and b) a scan-
ning electron microscopy image of SWNTs.
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High, Purely Electrostrictive Strain
in Lead-Free Dielectrics

By Chen Ang* and Zhi Yu

It is known that a dielectric will change its dimensions un-
der an applied electric field, where its strain (S) is expressed
by a quadratic term of the polarization (P), S=Q- P, called
the electrostrictive effect, where Q is the electrostrictive coef-
ficient. This effect is very weak in most materials, with the
strain level far below 0.1 % and a very small 0.2 However,
in some ferroelectric relaxors,[3’4] the electrostrictive strain is
practically useful owing to its high level of 0.1 % and Q value
of ~102 m*C™. Compared with the piezoelectric effect, the
electrostrictive effect has several unique advantages— posses-

[*] Prof. C. Ang, Dr. Z. Yu
Department of Physics, The University of Akron
Akron, OH 44325 (USA)
E-mail: angchen@physics.uakron.edu

© MYWILEY ’
4 InterScience®

oo,

103



