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ABSTRACT

We performed scanning tunneling spectroscopy measurements on suspended single-walled carbon nanotubes with independently addressable
source and drain electrodes in the Coulomb blockade regime. This three-terminal configuration allows the resistance to the source and drain
electrodes to be individually measured, which we exploit to demonstrate that electrons were added to spin-degenerate states of the carbon
nanotube. Unexpectedly, the Coulomb peaks also showed a strong spatial dependence. By performing simultaneous scanning tunneling
spectroscopy and electrical transport measurements we show that the probed states are extended between the source and drain electrodes.
This indicates that the observed spatial dependence reflects a modulation of the contact resistance.

Single-walled carbon nanotubes (SWCNTSs) have extremely growing SWCNTSs directly on Pt electrodes separated by a
promising electrical transport properties. In a field-effect trench'® A 100 nm trench was etched in a Si wafer with a
transistor geometry, they have been shown to have a higher250 nm SiQ layer to create the separation between the two
drive current and transconductance than can be found in SiPt electrodes which were used as the source and drain
devices' However, one of the major unresolved issues is electrode. &m x 5 um regions were defined by electron-
the influence of the contacts on their transport propeftiés.  beam lithography at a distance of Juf from the trench.
The contact material can significantly dope the SWCNT, A Fe:Mo catalyst was deposited in these regions. SWCNTs
altering its transport properties. There have been manywere grown from the catalyst at 80C for 10 min in a flow
experimental and theoretical attempts to characterize theof ethylene (40 mL/min), methane (910 mL/min), and
effect of different metals on the electrical properties of hydrogen (700 mL/min). The SWCNTSs grew randomly from
SWCNT?>"" However, the experiments are limited to mea- the catalyst region, yielding some SWCNTs which crossed
suring the current as a function of sourairain voltage and  the trench separating the source and drain electrode. Figure
gate voltage. They do not provide information on, for jA js an atomic force microscope image of one such
example, the spatial extent of the doping behavior. Theoreti- SWCNT crossing the trench between the source and the drain
cal calculations indicate that the one-dimensional nature of g|ectrode. This growth technique gives many SWCNTSs in
the SWCNT causes the doping effect of the contact to be paraliel between the source and drain electrode, but the STM

long-ranged:® Measuring the long-range nature of this effect tip selectively probes the properties of only one of these
requires an experimental technique which can provide spatialg\y/cNTs.

information. ) , Initial studies have shown that probing suspended SWCNTs
We have designed samples that can be used for electncaby scanning tunneling microscopy is a powerful system for

transport studies as well as simult:_;tneous scanning tunne"_n%nderstanding quantum transport behavior including Cou-
spectroscopy measurements. This allows the high spat|alIomb blockad& and phonon-assisted tunneligin this

Lesoluu(;)rt] oftthde séﬁanlnlngl ;unnt_atllngfm;ctrosqogjtﬁ (SS-l\—/l\\//l()ZI:Ic"I' work, we use the STM to perform three-terminal transport
€ used fo study the focal density of states in the measurements as well as study the spatial dependence of

and to provide |nfqrmat|on apout changes in the pand transport in the SWCNTSs. Figure 1B is a schematic of the
structure as a function of position. We have done this by : . .
measurement setup used for performing simultaneous electri-
p . leroy@oh p cal transport and spectroscopy measurements. The sample
* Corresponding author. E-mail: leroy@physics.arizona.edu. : :
T Current address: Department of Physics, University of Arizona, 1118 VOItage was apphed between the grounded tip and th_e Sour(_:e
E. 4th Street, Tucson, AZ 85721. electrode. For the spectroscopy measurements, the differential
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electrode. Therefore, we would expect a series of lines when
a state on the SWCNT lines up with the Fermi energy of
the tip, source, or drain. The strength of each of these lines
is proportional to the tunnel rate from the state on the
SWCNT to the particular lead. In our case the tunnel rate
into the tip is much slower than the tunnel rates into the two
leads. As a result, only the two sets of lines that correspond
to tunneling into the source and drain are visible (yellow
and green lines, Figure 1C), giving a diamond shaped pattern.
In Figure 1C, six different occupation numbers are visible,
but more than 20 have been observed in other samples.
Because each line corresponds to the energy needed to align
a state on the SWCNT with the Fermi level of one of the
leads, the slope of the line gives information about how the
energy of the state changes as a function of the sample
voltage and the souredlrain voltage. Therefore, the slopes
give information about the capacitances in the system. The
slope of the line corresponding to aligning a state on the
SWCNT with the drain electrode i8/C; whereC; and Cs

are the capacitances between the SWCNT and the tip and
source. The slope for the source electrode (€4 + C)/C;
Figure 1. (A) Atomic force microscope image of a SWCNT  whereCy is the capacitance between the SWCNT and the

crossing the trench separating the source and drain electrodes. (B} zin. To completely determine the capacitances, we can
Schematic diagram showing the setup used to perform simultaneous ' '

spectroscopy and resistance measurements on a suspended SWCN?!ther use the_ height of the diamone#C,, or_ their width

The sample voltage was applied between the tip and the source€/Cs whereCs is the sum of the three capacitances. For the
electrodes while a constant voltage or current was applied betweenSWCNT show in Figure 1C, we find th& = 4.5 aF,Cs =
Conductance as 2 funcion of sourabiain voltage.and sampie. . 0 2k andCs = 0.9 aF. This s in agreement with the
voltage. The tip current was stabilized at 300 pA-200 mV before previous two-terminal me_asurements in this type of SYStem
the feedback circuit was switched off and the differential conduc- Where the separate capacitances to the source and drain could
tance was measured using a lock-in technique. The diamond shapedot be determineéf1?

regions are areas where the number of electrons on the SWCNT is ; ; :
fixed. The colored lines show where a state on the SWCNT aligns At fixed source-drain voltage and varying sample voltage,

with the Fermi level of the source (green) or the drain (yellow) (N€ tip acts as a gate and controls the number of electrons
electrode. (B-F) The energy of a state on the SWCNT with respect 0n the SWCNT. Starting inside the diamond marked with
to the leads for three different sample voltages (corresponding to the black circle, the number of electrons is fixed\atThe
the white, gray, and black dots). In D, the state is always anergy |evel of theN electron state is shown in Figure 1F
unoccupied, while in F, it is always occupied and unavailable for h it is below the E il | of both th dth
tunneling into from the tip. In case E, the probability of occupation w gre Itis below the erml evel of bo € source an €
is controlled by the relative tunneling rates to the source and drain drain electrode. Increasing the sample voltage allows\the
electrode, which allows these rates to be measured. electron state to rise above the Fermi level of the source
electrode (Figure 1E). Therefore, there is current flowing

conductance Igy/dVsampe into the tip was measured. In through theN electron state due to the souredrain voltage.

addition for electrical transport measurements there was a-Lh's dleads to fthé\l elect_ron bS t{;\te t(;elng p(;artlally or(icup|:ed_,
constant current applied between the source and drain"® (la_gree 0 OCCL:]patlon elngd depgn :ant ogt € rr1e atl\r/]e
electrodes, and the resuling sourairain voltage was  tunneling rates to the source and drain electrode. When the

recorded. All the measurements were performed in a modi- Stat€ IS €émpty, it is possible for an electron from the tip to
fied Omicron low-temperature ultrahigh vacuum STM at a tunne_l into it giving rise to a new conduction channel_ from
temperature of 4.5 K3 the tip to the source. Assuming that the state is not
Figure 1C plots the differential conductanceptiVsampie dggenerate, this cause-s' a change in the tip gurrent propor-
as a function of the soureadrain voltage and the sample tional to the probability of the state being empty,
voltage for a metallic SWCNT. The image shows diamond Y¢/(¥st 7a) Whereys andyq are the tunnel rates to the source
shaped regions of low differential conductance outlined by and drain electrodes. As the voltage is increased further
lines of high differential conductance. This is reminiscent (Figure 1D), theN electron state rises above both the source
of Coulomb blockade measurements in a quantum dot whereand the drain electrode. In this case the state is always
the differential sourcedrain conductance as a function of available for tunneling into from the tip, and the probability
source-drain and gate voltage exhibits diamonds represent- of the state being empty is 1. Therefore the current has
ing regions of fixed numbers of electrons. In this case we another step proportional t@/(ys + y4). The ratio between
have three conducting electrodes: source, drain, and tip. Thethese two steps gives the ratio between the coupling to the
current goes from the tip into either the source or the drain source and drain electrode. Figure 2A shows the expected
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Figure 2. Diagrams showing the expected strength of the Coulomb
blockade peaks as a function of sourckain voltage and number

of electrons for (A) a nondegenerate state on the SWCNT and (B)
a spin-degenerate state. (C) Graph plotting the relative amplitude
of the source and drain peaks for the SWCNT shown in Figure
1C. The black squares are the experimentally measured data, the = —E S
red triangles are the calculated result for a spin-degenerate state, 40 0 40-40 0 40-40 0 40

Sample Voltage (V)

and the blue triangles are the calculated result for a nondegenerate
state on the SWCNT. Vsd (mV) Vsd (mV) Vsd (mV)

: Figure 3. (A) STM topographic image showing the suspended
strength of the source and drain peaks for the case of AS\WCNT going between the source (lef) and the drain (right)

nondegenerate state on the SWCNT. electrodes. The colored circles indicate the locations where the
The situation is more complicated if the state on the differential conductance measurements in (B) red, (C) blue, and

SWCNT is spin-degenerate: there is then a difference in (D) green were acquired. (BD) Differential conductance as a
the tunneling rates depending on the occupation of the function of source-drain voltage and source voltage at three
statel415 If the SWCNT has an even number of electrons, different positions along the suspended SWCNT. As the tip is
. . ' moved, qualitatively different differential conductance measure-
there are two ways to tunnel onto it, either spin up or spin ments are obtained. The white areas are low differential conductance
down, while if there are an odd number of electrons on it while the blue lines represent high differential conductance.
there is only one way to tunnel. This leads to a difference in Electrons from the tip couple more strongly to the lead closest to
the tunneling rates for even and odd numbers of electronsthe tip as indicated by the changing strength of the lines in the
and depending on the direction of the sourdeain voltage. ~ differential conductance images.
Figure 2B shows the strength of the expected lines for the
case of a spin degenerate level on the SWCNT. To see thethe differential conductance measurements were taken are
effect of the level degeneracy, we measure the amplitude ofindicated by the colored circles: the red circle is shown in
the source and drain peaks for both positive and negativeFigure 3B, the blue circle is shown in Figure 3C, and the
source-drain voltage. In the case of spin degenerate levels, green circle is shown in Figure 3D. All of the spectroscopy
the quantityAs Aq/AstAq- = 4 for an even number of data were obtained under the same experimental conditions;
electrons on the SWCNT anid, for an odd number where  the setpoint current was stabilized at 500 pA WitAmpe=
As@y-(—) is the amplitude of the source (drain) peak for —1.0 V. The differential conductance graph at each of these
positive (negative) soureedrain voltage (see Supporting locations (shown in Figure 3BD) is qualitatively different.
Information). If the state on the SWCNT is nondegenerate, As the tip is moved from the left to the right, the downward
then this ratio is 1 for any number of electrons. We have sloped lines disappear and upward sloping lines appear.
measured the ratio of these peaks for the SWCNT shown inBecause the downward sloped lines are due to states coupled
Figure 1C, and the results are plotted in Figure 2C. There isto the source electrode and the upward slopes lines arise from
a clear alternating pattern in the ratio where the odd states coupled to the drain electrode, their changing strength
numbered peaks range from 0.4 to 0.5, while the even indicates that the coupling to the source and drain electrode
numbered ones range from 2.5 to 4.1. This alternating is strongly dependent on the position of the tip. Figure 3C
behavior indicates that the states on the SWCNT are spin-is taken near the center of the nanotube and indicates that
degenerate and electrons are added with alternating spin. electrons tunneling from the tip couple to both the source
The STM furthermore allows the positional dependence and the drain side, albeit better to the drain in this case. Near
of the tunneling rates to be studied. Figure 3 shows the effectthe edges, however, the electrons only couple to the nearer
on the electronic spectra of moving the tip to different electrode, as shown in Figure 3B,D. This produces stronger
locations along the nanotube between the source and the draiines in one direction unlike Figure 1C where complete
electrode. Figure 3A is a topographic image of the SWCNT diamonds are visible due to nearly symmetric coupling.
crossing the trench with the source electrode on the left andMoving along the nanotube, the ratio of the peaks for the
the drain electrode on the right. The three locations where source to the drain side goes from much more than 10 in
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electrode and entering the souradrain bias window. This
state leads to a new conduction path between the source and
the drain electrodes, as reflected by the corresponding dip
in the resistance of the SWCNT (shown in black). Figure
4B,C are simultaneous measurements of the differential
conductance and change in resistance of the SWCNT as a
function of both sourcedrain current and sample voltage.
All of the lines in the differential conductance image (Figure
4B) are represented in the resistance image (Figure 4C)
indicating that all of the states in the SWCNT couple to both
410 -08 -06 -04 -02 0.0 the source and the drain electrode and contribute to the
Sample Voltage (V) source-drain current. This signifies that the states being
0.0 . probed by the spectroscopy measurement are extended over
- the whole region between source and drain. Therefore, their
positional dependence must arise from another source. One
possible origin is the Schottky barriers that are known to
form at the interface between semiconducting SWCNTs and
metal electrode$The presence of the charged STM tip could
influence this barrier leading to the observed spatially
= : _ | dependent coupling between the SWCNT and the electrodes.
10 0 10 20 -10 0 10 20 However, we also see a similar effect on metallic SWCNTs
g (MA) lsg (HA) where the Schottky barriers are presumably absent. There-
fore, more experimental and theoretical work is needed to
Figure 4. (A) Simultaneous measurement of the differential ynderstand the exact mechanism leading to the strong
conductance,lddV, and change in resistance as a function of source modulation of the contact resistance.

voltage. For every peak in the differential conductance there is a | h d | d hni f f
corresponding dip in the resistance indicating that a new state moves n §ummary, we ave_ eveloped a technique for perform-
into the sourcedrain bias window. (B and C) Images show the iNg simultaneous electrical transport and spectroscopy mea-
(B) differential conductance and (C) change in resistance as asurements on carbon nanotubes. This allowed us to obtain
function of source-drain current and sample voltage. All of the |ocal density of states information as a function of transport
lines in the dlfferentla_ll conductr_;\nce measurement (yeI_Iow an_d blue Qroperties such as souredrain current or gate voltage. We
areas) also appear in the resistance measurement indicating thah] d dh hi hni is abl be th
all of the states being probed are extended between the source an§@ve demonstrated how this technique is able to probe the
drain electrode. resistance between the SWCNT and the source and drain

) o electrodes. This is a measurement that is not possible without
Figure 3B to less than 0.1 in Figure 3D. We have observed ha addition of the third tunneling lead, the STM tip.

this general trend of stronger coupling to the nearer electrodecgnventional three-terminal measurements with a gate

in all five SWCNTSs that we have measured using our three- gjecirode only give the product of the tunnel rate to the source
terminal technique (see Supporting Information for data from 5 grain electrode but not the individual rates. By examining
a second SWCNT). This is very different than what is e strength of the spectroscopy peaks, we found evidence
expected from a simple picture of a Coulomb blockaded ot glectrons being added to spin degenerate states on the
quantum dot where the coupling to the source and drain gywcNT. Interestingly, we observed that the coupling to the
electrodes is determined by the local overlap of the wave g rce and drain electrodes was strongly dependent on the

function on the nanotube with those of the electrodes. ,sition of the tip. This indicates that the contacts play a
Because the tip is probing the same state at each positiongycia| role in determining the transport properties of the
the coupling to the electrodes should not be position g\wcNT.

dependent.

One possible explanation for the strong position depen-
dence is that the tip is probing states in the SWCNT that are
localized near only one of the source and drain electrodes.
Such localized states might result for example from band and by NanoNed.
bending near the contacts. To test for the possible presence Supporting Information Available: Calculation of tip
of such localized states, we performed simultaneous electricaltunnel current for nondegenerate and spin-degenerate cases.
transport measurements and spectroscopy measurements. W&upplemental figure showing spatial dependence of spec-
measured both the current from the tip and the voltage droptroscopy. This material is available free of charge via the
between the soureadrain contacts while a constant current Internet at http://pubs.acs.org.
was applied between the source and the drain electrodes
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