NANO
LETTERS

Imaging of the Schottky Barriers and vol 3 No. 7

Charge Depletion in Carbon Nanotube 20372042
Transistors

Marcus Freitag,* -* James C. Tsang, T Ageeth Bol, ¥ Dongning Yuan, ¥ Jie Liu, * and
Phaedon Avouris *

IBM T. J. Watson Research Center, 1101 Kitchawan Road, Yorktown Heights,
New York 10598, and Department of Chemistry, Dukevkhsity,
Durham, North Carolina 27708

Received April 17, 2007; Revised Manuscript Received May 24, 2007

ABSTRACT

The photovoltage produced by local illumination at the Schottky contacts of carbon nanotube field-effect transistors varies substantially with

gate voltage. This is particularly pronounced in ambipolar nanotube transistors where the photovoltage switches sign as the device changes

from p-type to n-type. The detailed transition through the insulating state can be recorded by mapping the open-circuit photovoltage as a
function of excitation position. These photovoltage images show that the band-bending length can grow to many microns when the device is
depleted. In our palladium-contacted devices, the Schottky barrier for electrons is much higher than that for holes, explaining the higher
p-type current in the transistor. The depletion width is 1.5 pm near the n-type threshold and smaller than our resolution of 400 nm near the
p-type threshold. Internal photoemission from the metal contact to the carbon nanotube and thermally assisted tunneling through the Schottky
barrier are observed in addition to the photocurrent that is generated inside the carbon nanotube.

Semiconducting single-walled carbon nanotubes (CNTs) canwhen a laser spot is focused to subdevice dimensions and
act as nanoscale switching elements when incorporatedscanned across the devitdn both of the published
between two metal contacts and a nearby third electrode isexperiments, the CNTFETs were unipolar, and only the
used to gate the? Even though the geometry of the carbon  Schottky barrier for holes could be studied. Here we report
nanotube field-effect transistor (CNTFET) is reminiscent of |aser-scanning short-circuit photocurrent and open-circuit
the well-known metal-oxide semiconductor field-effect tran- photovoltage images of p-type and ambipolar CNTFETs. We
sistor (MOSFET), its switching action is distinct. In a detect carriers that are photogenerated in the CNT and
MOSFET, the charge density in the semiconducting channel separated by the built-in field of the Schottky barrier. We
is modulated by the gate, whereas, in a CNTFET, the 4j50 observe internal photoemission/thermal injection from
transmission through Schottky barrigfermed at the metal  the metal contact through the Schottky barrier into the
source/drain-CNT contacts is modulated as WelBy a  nanotube. In ambipolar CNTs, we can image the switching
proper choice of contact metal, the Schottky-barrier height oo of the Schottky barrier. While the short-circuit
for one type of carrier (electron or hole) can be minimi2ed, photocurrent diminishes in the “off” transistor state, the open-

or ;I:Ernatlve![y,bthe Fek;ml-lg'velt Ilgeup bet'\éveen the rlrtnletal' circuit photovoltage is maximized under these conditions.
an € nanotube can be adjusted near midgap, resulting ey o165 us to measure the depletion layer width, which

ambipolar CNTFETS.Not only the height but also the width extends less than 400 nm at the p-type threshold, expands

of the barrier determines the performance of the CNTFET . ) )
. NS . . . to many micrometers in the transistor off state, and becomes
since injection of carriers into the CNT channel involves .
1.5 micrometers at the n-type threshold.

primarily tunneling through the Schottky barrier. ) _ _ )
Two methods have been reported that can be used to Single-walled CNTs are grown in two different chemical
directly observe the Schottky barriers in active devices. One Vapor deposition (CVD) systems directly on silicon substrates
is scanned gate microscopy where a conductive tip is usedWith 100-200 nm of silicon oxide. One process, based on
to gate the nanotube locaffyThe other is photocurrent — €thanol CVD, produces10um long CNTs with diameters
microscopy where images of the photocurrent are generatedo€tween 1 and 2 nm. The recipe is similar to the one in ref
- - - . 9 with the exception that-34 nm iron oxide nanoparticles
:I%‘,’J{ETS_%?”ﬁgg;#tgggeg;glagemgf'tag@“5"bm'°°m' are used as the catalyst instead of CoMo-doped porous silica.
*Duke University. The other process is based on £H500 sccm), ¢H, (30
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Figure 1. Short-circuit photocurrent imaging of a p-type CNTFET. (a) Reflected light image in a laser-scanning microscope showing the

two contacts of a CNTFET. The CNT and the measurement setup for the photocurrent measurements are indicated. (b) Short-circuit

photocurrent image of this device under 5008/ of 1 = 457.9 nm laser excitation focused into @400 nm spot. Yellow areas correspond
to a positivelsc, purple areas represent a negative The color scale spang15 nA. The outlines of the contacts are indicated. (c)

Schematic of the band bending in the p-type device. “Green” carriers refer to a photocurrent generated within the CNT, and “red” carriers
refer to internal photoemission and thermally assisted tunneling processes. (d) The data from panel b displayed with a narrower color scale

of +1 nA. Black and white areas are saturated. Inset: SEM image of the CNTFET.

sccm), and H (750 sccm), uses Fe/Mo nanopatrticles, and which measures the fraction of power that can be generated
produces many hundreds of micrometers-long CNTs with compared to the ideal casgc-lsc. Typical values for our
diameters around-23 nm° CNTFET devices are fabricated asymmetric devices for incident power densities on the order
by an e-beam lithography/30 nm palladium metallization/ of 100 KW/cn? areVoc ~ 100mV,lsc ~ 100pA, and FF~
lift-off process. A thin~7 A titanium layer improves the  0.3.
adhesion of the palladium. Measurements are done under The mirror plane symmetry of a CNTFET can also be
an optical microscope with a 100 0.8 NA objective and  broken by focusing the excitation spot to subdevice dimen-
Argon laser lines of 514.5 nm and 457.9 nm, producing a sions so that only a small part of the nanotube is illuminated
focus around 400 nm. The excitation is generally not in at a time. In the presence of potential modulations along the
resonance with the CNTs and is chosen at short wavelengthsCNT, the photovoltage is a measure of the local potential
to enhance lateral resolution. Typical powers on the samplegradient in the excitation region, which separates the
are around 50@W, and no substantial heating of the CNT photogenerated electrons and hdfeBy scanning the laser
is observed. The sample is scanned on a piezoelectric staggpot across the sample and assembling images of the
with nanometer precision. Images generated by the back-photocurrent in a computer, we obtain a sensitive microscopic
reflected light are used to locate the contacts on our devices.probe for local electronic transport parameters of CNTs. A
For measurements of the open-circuit photovoltage, onephotocurrent image of a semiconducting CNTFET under
contact is grounded and serves as the reference for theexternal bias has been reported befoféie same group has
voltage measurement at the other contact. For short-circuitalso shown unbiased photocurrent images of metallic CNTs
photocurrent measurements, one contact is grounded and thevith depletion layers at the contaétdzor the CNTFET, only
other contact is connected to a current preamplifier. one of the Schottky barriers was observed, and it was
CNTFETs have been shown to produce a photocurrent suggested that this device might have had dissimilar Schottky
when biased and illuminated with above-band gap ligkt. barriers® However, the bias voltage produces an asymmetry,
Under illumination of the entire device, they do not usually which complicates the interpretation of the photocurrent data
show a photovoltage due to the existence of a mirror plane significantly’> We therefore measured thghort-circuit
symmetry with respect to a plane perpendicular to the photocurrentsc or open-circuit photovoltag€oc in about
nanotubé? However, in devices with two nonequivalent 20 different CNTFETSs, and all of them exhibit a response
Schottky barriers, this symmetry is broken, and a photo- at both Schottky barriers.
voltage of up to 300 mV (i.e., a substantial fraction of the = Figure 1 shows a representative measurement wikere
nanotube band gap) can be generadfethe devices show  was measured with a current preamplifier at the right contact,
rectifying transport characteristics in the dark, presumably and al = 457.9 nm argon laser line was focused to-&00
dominated by one of the two Schottky barriers. Photovoltaic nm diameter spot and scanned across the sample. This device
devices can be characterized by an open-circuit photovoltagewas p-type, and purple/yellow in Figure 1b corresponds to
Voc, @ short-circuit photocurrertc, and a fill factor FF, a negative/positive sign o§c. The Schottky barriers always
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Figure 2. Short-circuit photocurrent and open-circuit photovoltage of an ambipolar CNTFETsd@page of a 5qum long CNTFET

showing defect-related photocurrent generation in addition to the Schottky-barrier-related generation. The data ir-parescduired

in the indicated square. (b) Schematic of the band structure for p-type and n-type gating conditions. (c) Gate-voltage characteristic of the
device. The sweep direction is indicated. (d&)images of the contact region under various gate voltages. The sweep direction of the gate
voltage (indicated by arrows) was reversed between the two sequences. Coloris2alés. The laser power was800 uW, and the
maximum photocurrent was5 nA. (f) Images ofVoc for the same region with gate voltaged0, —5, 0, +5, and+10 V in this order.

Color scale: 30 mV.

appear irpairs of opposite signmportantly, the arrangement  excitation of the nanotube can be partially explained by the
of positive and negative regions at the contacts can behigher photon energy used (2.7 eV instead of 1.5 eV) and
explained by the p-type character of our devices in the on the larger diameters of the CNTs that were studied tim
state (Figure 1c), where photogenerated electrons should driftompared to 1.3 nm). Previously, the excitation was resonant
to the nearby metal electrode and holes toward the bulk of with the B, exciton}* while here we are exciting high in
the nanotube. The magnitude of the photocurrent for excita- the fourth or fifth subband, where the overlap with the talil
tion at the Schottky barriers was 15 nA for an excitation of the polarization-independent-plasmon resonance be-
power of 50QuW. In addition to the strong and reproducible comes substantiat.
response from the Schottky barriers, there is a weak and noisy Figure 2 shows photocurrent images of a different device,
response from the body of the CNT, which can be attributed whose electronic characteristic was ambipolar and which was
to changes in the environment that are induced by the lasermuch longer (5@&:m source-drain distance) than the device
light.t” in Figure 1. When nanotubes are that long, it is common
Figure 1d shows the data from Figure 1b with a higher that the body of the CNT produces sizable local photovolt-
contrast. Black and white areas are now saturated. One carages, as seen in the additional spots along the CNT in Figure
clearly see the edges of the metal contacts in the photocurrenRa. Defects can modulate the potential in a CNT, and, when
images. Electrons that are excited in the metal and that travelthe light is focused to a spot on the order of or smaller than
to the junction without loosing too much energy can typical defect separations, a photovoltage is proddééd.
overcome the barrier to the CNT and contribute to the We focus here on the Schottky barrier region, which is
photocurrent. In addition to this internal photoemission, responsible for the ambipolar characteristic of the CNT. As
which should only be significant for excitation very close the backgate voltage is swept betweetO V and 10 V, the
to the interface, a temperature increase of the electrode willtransistor undergoes a transition from p-type to insulating
also help carriers tunnel through the Schottky barrier. We and finally to n-type (Figure 2c). During the sweep in
find that internal photoemission/thermally assisted tunneling opposite direction, the CNTFET experiences some hyster-
at the metal contact is independent of the incident polariza- esist®*°but otherwise retraces its path from n-type through
tion. In contrast, when light is directly focused onto the insulating to p-type.
Schottky barrier, polarization anisotropies around 2:1 are A sequence of short-circuit photocurrent images of the
typically found, with the higher photocurrent recorded for right contact region is shown in Figure 2d,e. Similar
polarization along the nanotube axis. The weaker than sequences can be produced from the other contact. During
previously reportelt polarization anisotropy for direct the sweep from+-10V to —10V (Figure 2d), the photocurrent
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Figure 3. Open-circuit photovoltage microscopy of the contact regionVg)images of the Schottky-barrier region during the transition

from p-type to n-type conduction in the transistor off state. Gate voltages are as indicated. The arrows point to the Schottky-barrier-related
signal. Laser power was 9Q0N. A movie of the sequence is available as Supporting Information. (b) Integv@jedignal along the

length of the CNT. The metal contact is located at the origin of the position scale, and the potential was fixed there for all gate voltages.
Most of the movement in the bands happens betw&es 1.6 and 3.4 V, where the CNT is depleted. (c) Plot b with a diffeyestale.

(d) Schematic of the band bending for the two threshold voltages for hole and electron conduttion 4t6 and 3.4 V. Actual curves

from panel b are used that indicate the band edges. The band gap is adjusted so that the Fermi level overlaps with the valakige band at
= 1.6 V and the conduction band ¥ = 3.4 V.

from the Schottky barrier is negative (black contrast), then Schottky-barrier transistor, the signal vanishes in the insulat-
vanishes in the gap, and then reappears with opposite signing state because of the high internal resistance of the
On the reverse sweep from10V to +10V (Figure 2e), the nanotube channel. However, we find that the open-circuit
Schottky barrier-related photocurrent flips sign again, and photovoltage has complementary properties. It exhibits the
the hysteresis in thé—Vg characteristics (Figure 2c) is  highest signal in the off state (Figure 2f)The open-circuit
reproduced in thésc images. Figure 2b depicts the situation photovoltage can therefore show details of the transition
schematically as the band bending changes from p-type tobetween electron and hole conduction during the depleted
n-type when the gate voltage is swept. It is interesting to state, where the CNT bands become very flat. It is important
note that there exists a peak in the(Vs) relationship to note that the contrast of the features in g images is
(brightest spot in the sequence)lgé ~ 5 nA in the p-type inverted compared to the thatligz images because a positive
on state around-2 V in Figure 2d and-4 V in Figure 2e. (negative) sign of the photovoltage corresponds to a negative
Resistance changes of the CNT should be mirrored in the (positive) photocurrent measured at the same electrode.
short-circuit photocurrent, but this cannot explain the fact Figure 3a shows a sequence of open-circuit photovoltage
that the signal near the contact diminishes gradually at largeimages taken with small (0.2 V) steps in gate voltage. At
negative gate voltages. The depletion width, however, cany_=1.0 V, the nanotube is a hole conductor, and a narrow
be expected to become very thin in the transistor on state,Schottky barrier is present (round blue spot marked by an
i.e., thinner than the laser spot size. The reduced active arearrow), whose width is smaller than our optical resolution
will more than offset the higher collection efficiency due to  of ~400 nm. At 2.6 V, there is still a p-type Schottky barrier
increased interface fields present at more negative gateat the contact, while a larger nanotube segment to the left of
voltages. the contact starts to bend down (yellow area). At 3.2 V, the
While images of the short-circuit photocurrent can uniquely immediate contact region has finally switched as well, and
identify the n-type and p-type states of the ambipolar an entire 2tm-long nanotube segment starting at the contact
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exhibits a uniform n-type band bending. The potential barrier height for holes. It is clear, however, that the Schottky
gradient due to the Schottky barrier for electrons thus extendsbarrier height for electrons spans almost the entire nanotube
far into the interior of the CNT. At even higher gate-voltage band gap.
values, the depletion width gradually shrinks. The highest In addition to the Schottky barrier height, we can quantify
photovoltages o¥/oc = 40 mV were measured in the n-type the depletion widthAp at the various gate voltages. At the
state. It is interesting that the contact region switches a few threshold for hole conductiorvVg = 1.6 V), we measure
hundred millivolts in gate voltage after the area next to it. Wp ~ 500 nm, which is likely limited by the laser spot size
This might have to do with an additional interface dipole rather than the true depletion width. However, in the off state,
layer producing a potential with different range. Possible we find that the depletion width grows to many micrometers,
origins for such interface dipoles are adsorbents on the CNT/as is evident from the slowly curving bands arowgl=
metal interface or charges in the oxide. For example, a gold/2.8 V. At the threshold for electron conductiodp =
CNT interface has been found to exhibit a surface dipole if 1.5um.
the interface is exposed to oxygén. The technique that we used to extract the potentials in a
Since the generated photovoltage is proportional to the CNT should be valid as long as band bending happens over
potential gradient at the laser spot position, we can extract/ength scales that are large compared to the excitation spot
the band bending (Figure 3b,c) in the contact region from Size. We find that in our one-dimensional CNTFETS, this is
the data in Figure 3. Line scans along the CNT were the case over a substantial gate-voltage range that includes
integrated for this purpose, and the potential at the physical the transistor “off"-state and the threshold voltage for electron
position of the contact was set to zero. The transition from conduction, consistent with theoretical predictions of an
n-type to p-type band bending is evident in the figures. The extremely slowly decaying potential tail at interfaces in one
movement of the bands stops when the Fermi level reachesdimension? In the future, we plan to perform measurements
the valence/conduction bands. This happens at thresholdn CNTs with near-field excitation to probe the potential
voltages of 1.6 V and 3.4 V, respectively. The difference Profile in the near-field region of the conta€twhere the
(1.8 V) is about 4 times larger than the expected nanotubebPand bending could have a different functional form.
band gap, suggesting a gate efficiency factonof 0.25, In conclusion, we have shown that the photovoltage

which is defined as\Er = a-eAVs, where AEF and AVg produced in CNTFETSs by local optical excitation can be used
are Changes in the Fermi level and gate Vo|tage' respec.to characterize the Schottky barriers. There are two effects

tively.22 Vs can be partially screened in the oxide and by thatlead to a photovoltage at the contacts: photons absorbed

the grounded contacts. In this gate-voltage range, the CNTin the CNT produce electroerhole pairs that are separated

is dep|eted, SO NO Screening from the CNT is expected_ by the built-in electric fields, and phOtOﬂS absorbed in the
For gate voltages that are larger than 3.4 V or smaller metal contact contribute through internal photoemission and

than 1.6 V, the movement of the bands reverses slightly. thermally assisted tunneling. The short-circuit photocurrent

This is probably an artifact of the technique. We are using and open-circuit photovoltage complement each other in gate-

a 400 nm wide spot to probe the device. If the band bending voltage-dependent measurements where the internal resist-

at the Schottky barrier gets very steep, as is presumably thednce of the CNTFET can spar_i—B ord_ers O_f m_agnitU(_JIe.
case for heavy electrostatic doping, the generated photo-We show that the Schottky barriers switch sign in ambipolar

voltage will stop increasing because less and less of the lasefransistors, and that band bending can extend microns in the
spot is contributing to the signal. In the integrated plots, this depleted transistor state.

limits the slope of the bands close to the contacts, and thus
it appears that the bands do not bend as far. In Figure 3c
we plot the data from Figure 3b in a different scale. The
same reversal of the band movement happens for the p-typ
case. The hump in the curves in Figure 3c at around-300
700 nm is due to the previously discussed surface dipole atReferences
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