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Substrate-interface interactions between carbon nanotubes and the supporting substrate
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By utilizing the current transients in scanning tunneling spectroscopy, the local interfacial electronics be-
tween multiwalled carbon nanotubes and several supporting substrates has been investigated. Voltage offsets in
the tunneling spectra are directly correlated with the formation of a dipole layer at the nanotube-substrate
interface, strongly suggesting the formation of interface states. Further, a systematic variation in this local
potential, as a function of tube diameter, is observed for both metallic substfai¢sand semimetallic
substrateggraphitg. In both cases, for tubes with diameters betweeh nm and 30 nm, the interfacial
potential is nearly constant as a function of tube diameter. However, for tube diarm&erm, a dramatic
change in the local potential is observed. Usaiminitio techniques, this diameter-dependent electronic inter-
action is shown to derive from changes in the tube-substrate hybridization that results from the curvature of the
nanotubes.
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Over the last several years, an astonishing number of exzation at the metal-nanotube interface caused by the differ-
perimental determinations of the electronic transport properent curvatures of the nanotube walls.
ties of single-walled carbon nanotub@WNNT’s) and multi- Measurements of the contact potential of three support
walled carbon nanotubéMWNT’s) have been made®*and  substrates will be described and compared here: NiO, Au,
correlated with a number of theoretical predictiéndlith  and HOPG(highly oriented pyrolytic graphite In the first
only a few exceptions, the experimental focus has been opase, the NiO substrates are thin oxide fil(BD nm) ther-
nanotubes supported on a substrate of some type, and in aflally grown on single-crystall1l) Ni. In the second case,
cases a system of contacts has been employed using tradit was sputter deposited on annealed mica and then
tional interconnect materials such as Cu, Au, Pt, and Ag.flamed,” leaving a terraced11l) surface for contact with
Thus, all the experimental information we currently have onthe tubes. Scanning tunneling microsc@¢f&M) imaging of
the electronics of carbon nanotubes involves experimentdhese substrates yielded atomic resolution. After substrate
designs that use metal/semiconductor-nanotube interfacegteparation, arc-grown MWNTZ®pltrasonically dispersed in
and in most cases these interfaces include the length of thegthanol for 5 min, were deposited. The sample was trans-
tube through the support. Clearly an important part of anyferred into UHV (ultrahigh vacuum<10~1° Torr) and out-
interpretation of transport results must include interactiongassed at 300 °C while adsorbate desorption was monitored
that may exist between the nanotube and the support sule ensure that the substrate was clean. Tunneling conditions
strate and contacfs.Recent theoretical studies have ad-used for STM imaging were 20 pA and between 200 and 500
dressed Fermi-level alignment in Au-SWNT systems andnV. In the case of HOPG substrates, HOPG was cleaved in
have suggested that a charge transfer should exist at tter and an ultrasonicated solution of nanotubes in ethanol
interface® Similarly, some tunneling spectroscopy experi- was deposited as above. STM imaging at 20 pA and 300 mV
ments have hinted at the existence of charge transfer betweatlowed atomic resolution of the substrate and of the sup-
the gold and nanotube systefndowever, despite the impor- ported tubes. Transmission electron microscopy images were
tance of local interface interactions in transport measureeorrelated to STM micrographs to ensure that the same dis-
ments, no direct determination of its variation with tube di- tribution of diameters of the MWNT’s was observédp-
ameter, tube chirality, etc., is yet available. In this paper weproximately 2—30 nm Z-scale calibration of the STM was
present an investigation of the interfacial electronic structurearried out using known step heights of the @11) surface.
between MWNT's and a number of support substrates usinginally, work function determinations were compared to the
current transients in scanning tunneling spectrosd®®S.  reported values over the clean substrates as a che@k of
These studies strongly suggest that charge transfer at ttoalibration.
metal/MWNT interface results from the formation of inter-  To investigate the nanotube-substrate interface, tunneling
face states in analogy to bulk Schottky barriers. Further, thepectra [-V) were acquired both on the clean support sub-
variation of local interface potentials with tube diameter isstrate and at points on the tube, simultaneously with imaging.
nearly constant as expected for large-diameter tubes. Hown our case, the spectra are acquired by turning off the feed-
ever, a surprisingly large variation in interface potentials oc-back over the point of interest, ramping the voltage very
curs at tube diameters smaller than approximately 5 nmrapidly, and collecting the current. The rapid ramp rate of the
These variations may result from differences in local hybrid-voltage results in current transients that offset the tunneling
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Naturally, we would expect that the comparatively large
potentials associated with the capacitive junction and the
i+ . f : f f 1 work function mismatch of the substrate and the Pt tip would
- = 1 dominate thd-V shift. That is, when a nanotube is placed in
SN x| | o HOP(: -1 . . . . . .
¢ Ax the tunneling junction it would have little effect outside of
v B changing the junction capacitance through geometiyich
_ | . _ would be negligible This is illustrated in the energy dia-
i f ' ] gram of Fig. 2. Clearly, the contact potentials within the
h + : - {5 1 junction-nanotube system will cancel the nanotube compo-
i { { — nent as (supstrate™ Prubd + (Drupe™ ¢tip) = Psubstrate™ ¢tip :
} :[- _ ] However, notice that the intercepts in Figa)lfor the clean
- { ' ' T Au surface and the nanotube-Au system are significantly
g _ | .1 different™ In fact, the same is true for the NiO-MWNT sys-
i . | r <]' | | ] tem using 20-nm-diam nanotubes. Specifically, in the Au-
! ’ ! ' ! ! nanotube system, with a 10-ms voltage step tithe step
o 2 £ ) s width during the voltage rampand a 3-ms sample delay
tube IMameter (nm) time (see Ref. 1}, a 20-nm nanotube will exhibit a differ-
FIG. 1. (Color) (a) Tunneling spectra were collected over the €NCe inV-intercept shift of 0.075 from that measured on the
substrate and over the tube for each measurement made. The offséf§an substratéjust subtracting the two interceptsn the
in tunneling spectra are due to the capacitance of the junction plulliO system, using the same ramping conditions, the shift
local potentials within the junction. Subtracting the shift observeddifference is 0.170 V. For HOPG substrates, large diameter
for the 1-V curve on the tube from that observed over from the nanotubes give the same value of the voltage offset as the
substrate should give zero unless there are extra potentials withilean substrate. This suggests that there exists local trapped
the system(b) The contact potential as determined from the offsetcharge at the Au- and NiO-nanotube interfaces while at the
in the “high ramp rate” tunneling spectra is strongly dependent onHOPG-nanotube interface there are no extra potentials. Us-
the diameter of the nanotube as shown here. The Au-nanotubiag an analogy to bulk contacts, these interfaces then behave
samples and the HOPG-nanotube samples are shown. as though there are interface states formed between the nano-

spectra as shown in Fig(d. The RC time constants asso- tubels and the substr_at[elae raplldly ramped-V |?zsomewh;1t
ciated with capacitances, contact potentials, filter, etc., in th&nalogous to capacitance vo tageV) curveq.™ No suc
tunneling microscope are very short compared to those of th terfaqe states appear in the HOPG-nanotupe system for
tunneling junctior® Therefore, the transient-induced shift in '2r9e-diameter tubes as would be expected since this looks
the |-V spectra can be associated only with capacitances antf"y much like graphite on graphite. o
potentials within the tunneling junction. The current-axis in- _TWenty tubes supported by Au were studied in this way
tercept point Y=0) is well known to be related to the ca- With diameters that ranged from approximately 3 nm to 30
pacitance of the junction from the equatige:VC, giving ~ NM. The step width used in the voltage ramp was 100 ms and
dg/dt=CdV/dt+VdC/dt=CdV/dt. The point at which the delay time was 5 ms. The difference in voltage shifts
the spectrum crosses theaxis (I =0) is related to the local from the support substrate was determined for these tubes by
potentials across the junction and corresponds to the bid§e method abovésubtracting the voltage intercept with the
offset for which the microscope must compensate to preveriip over the clean substrate from the intercept with the tip
the “discharge” of the junction. This includes the voltage over the tubgand is shown in Fig. (b) as a function of tube
drop across the tip-sample capacitor, as well as any localiameter. Notice that from approximately 10 nm to 30 nm
potentials such as the contact potentfdl3he spectra and diameter, this difference is practically constant. Between 5
intercepts for a 22.0-nm-diam tube supported on Au areand 10 nm diameters, there is a strong variation in the dif-
shown in Fig. 1a). ference in voltage intercepts. Below 5 nm the differences in
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the intercepts actually reverse sign. Again, we note that thi |
measurement gives the relative variation in the local poten Y 5
tial at the nanotube-substrate interface. Clearly, as the nani f ]
tube diameter changes, the local potential varies sharply ar 10
actually reverses sign at 5 nm. Figur@d)lalso shows similar 15 EAA [\ \/
measurements performed on HOPG substrates. While tt 5y El f f
overall difference in the voltage intercepts is 0 V for large i I P L
nanotubes as expected, a sharp variation in the local potenti 0 E bl
is observed at around 5 nm also. On HOPG, fewer tube - e
were studiedsix), and we note that the values for the larger = g
tubes are not exactly 0 eV as would be expectgdphite on
graphite due to the slight difference in the capacitance be- =" ;
tween the tip-substrate and the tip-nanotube-substrate jun 20 |
tions. [l
To understand this behavior, there are two geometrica !
factors that must be estimated. The first is the variation in th :
contact area of the tube to the substrate. This changes wi 5
tube diameter and will alter the total charge at the interface : |
in direct proportion to the diameter. A simple estimate of the Ly '
change in contact area requires a guess as to how close t -
tube wall must be to be considered in contact. From simple
geometrical arguments we get area of contantt length

=(2R){cos (R—h)/R]}, whereR s the tube radius anilis z [A)
the height of any point on the tube above the substrate. Here o . )
h must be of the order of thp, orbitals (0.1 nm), and thus FIG. 3. (Color) Ab initio calculations of the effective electron

the change in contact area is minimal for the MWNT’s stud-Potential in a supercell geometry for a graphene layer anbebC
ied. The second geometrical factor to consider is the effect ofPe 01 AU11D (a) and (b), respectively, and G.5) on graphite
the tube diameter on junction capacitance. The capacitand&” In all cases we plot the effective potential along a line perpen-
chanae for the tip-tube-substrate geometry was calculated u icular to the gold surface. Due to computation limitations, we have
) 9 ) P ) 9 . y. T . only considered six gold layers {ib). The results ina) correspond

ing classical electrostatics. The total variation in junction ca-

. - . to the isolated A(L11) surface(solid line) and a single graphene
pacitance was smoothly varying for tubes of the dlamete'éheet supported on (tdashed ling The formation of a dipole bar-

used in our measurements and also_ quite small. Thus, Wfer due to the difference in work functions of graphite and gold is
assume in this measurement that this effect is nearly Congear. when a small diameter single-wall nanotube is supported on
stant. While these geometrical factors could clearly accounk(111) (b) there is a clear change of sign of the barrier. We have

for the smoothly varying potential associated with large tubgyotted the effective potential for two distances, 0.22 (swiid line)
diameters, they fail to explain the drastic changes observeghd 0.34 nn{dashed ling of the tube with respect to Ali1l). This
below 5 nm. Neither can they account for the observed sigis directly connected with the observed change of sign in the inter-
changes in the potential. This suggests that the local charg&ce potential in Fig. (). In (c) we plot the same as ith) but this
at the nanotube-substrate interface varies strongly with tubgme for a tube supported on graphite. Notice, here, that there is no
diameter. Further, it is likely that these variations result fromdipolar barrier formed.
changes in the interface electronic structure such as hybrid-
ization shifts, shifts in local orbital occupancy, or inner tubeboth substratetour model for the large-diameter limitFor
spacing changes for the smaller-diameter MWNRef. 13  the case of a graphene sheet on gold, we clearly observe the
that may result in shifts in the overall charge density on theformation of a simple Schottky barrier dipole FigaB This
outer shell, and not from pure geometric factors. result is independent of the relative orientation of the
The results in Fig. (b) point to the existence of trapped graphene sheet with respect to the gold substrate. The com-
charge at the nanotube-substrate interface. This charge is bedted graphene work function of 4.42 eV is very close to the
yond what would normally be found in the Schottky com- HOPG values and it is smaller than the computed work func-
pensation for work function mismatch and must be related tdion of Au, 5.3 eV. We have also checked that as we increase
a state that exists at that interface but not found at the turthe number of graphene layers, the work function increases
neling junction (nanotube-Bt In the regime of large tube with a small(few meV) dependence on stacking\B versus
diameters, it seems that such states form in the case of NiGAA or random sequence(A small, negative, contact poten-
and Au-nanotube contacts, but not in the case of HOPGHal for large-diameter MWNT's on HOPG will result from
nanotube interfaces. However, to address the transition frorthis difference in work functions due to the random nature of
large-diameter limit to small-diameter limit, we have per-the tube-layer stackintf) This is compared to the formation
formed first-principles pseudopotential density-functionalof an interface potential at the small-diameter nanotube-Au
calculations of a perfect SWNT5,5 supported on a Au contact shown in Fig.(®). Because the contact “distance” is
(111) surface and on a graphite surface and compared this oot well determined, the graphs compare the corresponding
the electronic structure of a single graphene sheet on top afne-electron effective potential for two distances of the tube
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with respect to the substrat®.22 and 0.34 ni In both  small-diameter tubes. No Schottky-like dipole is observed
cases we see that the small-diameter nanotube on Au devébr the particular set of relative orientations chosen. How-
ops the opposite barrier height in the vacuum region as thadver, the vacuum plateau is a little above the zero of energy
of the graphene sheet on Au. Between these two extremes, #éfat we have taken as the graphitic vacuum level. This indi-
the nanotube radii are increased, there should be a transitigiates the possible change of sign in the contact potential with
from one polarity to the other. This distinct behavior could respect to the case where a single graphene sheet is deposited

explain the observed change of sign in the local interfacgn graphite. Moreover, we can speculate that tube-substrate

terface that leads to either covalentlike or ioniclike bondingsormation of interface states when the tube lies in registry
states. The redistribution of charge density is still observablgyith the substrate. However, this is still an open question to
in the effective potential even for a tube far from the Au pe resolved in further studies.

(111 surface[dashed line in Fig. ®)]. This electronic In summary, we have related local potentials at the inter-
charge distribution and effective electronic screening argaces between MWNT'’s and Au, HOPG, and NiO substrates
controlled by the overlap between galdstates and the outer g the formation of interface states using current transients in
(interlayer and surfagdube states. These results assume Pelrapidly ramped tunneling spectroscopy. Sharp variations in
fect tubes and that the outer layer is the only important onghese potentials are observed on Au and HOPG substrates for
as suggested by other studies on electronic transport ifype diameters of around 5 nm. These measurements indicate
MWNT's.™ Contributing to this interface charge redistribu- that the contact electronic structure is strongly influenced by
tion is the opening of small pseudogaps at the Fermi level agariations in the electronic structure of the nanotube as a
a consequence of breaking the tube-mirror symmetry. Refnction of tube diameter. From first-principles calculations,
cently, the charge density redistribution has been showge gemonstrate that changessip hybridization as a func-
theoretically to align the Fermi level at the metal-carbon tion of tube diameter will lead to differences in the charge
nanotube interface and its influences on STM spectroscopyjstribution at the nanotube-substrate interface. In turn, this
have been explored. We note that these authors work in thegylts in modifications to the occupation of interfaces states

limit of large tube diameter where the difference in work gnq |eads to the trends observed in the interface potentials.
functions is the key component determining the contact po-

tential. Further, as argued above, to first order the overall The authors would like to acknowledge funding from the

effect of the nanotube in the tunneling junction cancelsfollowing agencies: DLC(NSF and PMA (SIA/DARPA

(aside from capacitive effegtainless state-induced Fermi- through the focus center research program established at

level pinning occurs at the interface. RPI). A.R. was supported by European RTN network Con-
In the case of the HOPG substrate, the bonding is weakedract No. HPRN-CT-2000-00128 OMELCAN), RTD-FET

as seen from the effective potential plotted in Figc)Jor program(SATUNET), and JCyL(VA28/99).
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