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Absolute potential of the Fermi level of isolated single-walled carbon nanotubes
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Electrochemical potential dependence of Raman intensity of isolated single-walled carbon nanotubes
(SWNT) on gold electrode in aqueous solution was investigated emplawgirsifu resonant confocal micro
Raman spectroscopy. Absolute potential of the Fermi level of individual tubes was estimated from the potential
dependence. Observations suggest that the work function of the tube becomes larger in a manner inversely
proportional to the diameter of SWNT. The structural dependence of a metallic tube is larger than that of a
semiconducting tube.
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Single-walled carbon nanotube&SWNTS should be talline Au surfaces was conducted via dropwise introduction
among the best candidates for ultrasmall functional units irof highly dispersed SWNT solutions containing sodium
ultrasensitive, low-energy consumption nanodevices. Severalodecy! sulfate(SDS.® Atomic force microscopy measure-
characteristics of the electronic band structure of individuaments demonstrated a concentration <0f..0 SWNT/jum?
SWNT, such as the energy separation between van Howwith tube lengths from 200—2000 nm on the Au substrate.
singularities and the density of the states, have been obtainédbservation of the sample at a single spot with 785 nm
successfully employing recently developed experimental(Eex=1.58 €V) excitation provided a typical Raman spec-
techniques in confocal micro Raman spectrosmnning trum of isolated single SWN¥?0 Spectra at different spots
tunneling microscopﬁ, and fluorescence methodoloﬁyn afforded distinct RBM peaks. Experimentally determined
addition to these band profiles, information regarding absolinewidth [full width at half maximum (FWHM)] values
lute potential of energy levels of the states is known to bghrough a Lorentzian fit of the RBM peaks of metallic and
essential to nanodevice fabrication. Work functions of indi-semiconducting tubes were approximately 9¢mand
vidual SWNT affect various important factors with respect to3 cm ', respectively. These values are in agreement with
optimized device performance, such as the Schottky barrigpreviously reported values of isolated single SWART.
height of SWNT-metal junction$p- andn-type behavior of Peak intensity of the RBM was dependent upon the elec-
semiconducting SWNT with various dopantand selectiv- trode potential. Figure 1 displays the spectra of the RBM of
ity of molecules as chemical sens8rSeveral estimations of a metallic tube at 157 cit and a semiconducting tube at
energy levels derived from measurements of work functior234 cm * observed at different electrode potentials. The me-
were attempted in vacuurhsnd in electrolyte solutiof;
however, all of these measurements utilized bulk bundle — (5) [ (b
SWNT, which display certain distributions with respect to I ] Wu
size. Generally, the Fermi level of individual SWNT with
different diameter is considered to be at the same potentia
energy relative to the vacuum level. However, careful exami-:
nation based on the molecular orbital calculation showed?
slight diameter dependence of the work function of indi-
vidual SWNT? Estimated difference in the work function of
metallic SWNT with diameters ranging from 0.57 to 1.65 nm
was rather small, less than 0.14 eV. The diameter-dependerZ
absolute potential of the Fermi level in individual isolated g
tubes has not been observed experimentally. The present re2
port reveals that the energy position of the Fermi level of
individual SWNT relative to the vacuum level is dependent
upon tube diameter significantly, based on measurements c
resonance Raman intensity of individual SWNT under elec-
trochemical potential control. FIG. 1. RBM Raman spectra of isolated individual metallic tube

In situ resonant confocal micro Raman Spectroscopy Wagith wrgy=157 cm'® (a), and semiconducting tube withggy
employed in order to detect the potential dependent change 234 cmi® (b) on polycrystalline Au electrode in 0.2 M N8O,
in the Raman intensity of isolated SWNT on goAl) elec-  aqueous solution under electrochemical potential control. From top
trodes under electrochemical potential control in aqueous S@e bottom, the potential was changed fran®.4 V to—0.8 V in 0.1
lution. Adsorption of isolated SWNT onto cleaned polycrys-V increments.
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T (b) apparent energy separation between van Hove singularities,
E/;, the values oE/, are 0.6 eV (prgy=156 cm 1) and 0.9
. eV (167 cm 1) at metal tubes, and 0.3 eV (208 th) and
0.7 eV (235cm?) at semiconducting tubes. This depen-
dence of the values dEj; on the tubes appears to reflect
increments in the values d;; of the isolated SWNT esti-
mated from wgrgy Of each tube[E;=1.54eV (wrgm
=156cm ), 1.72 eV (167 cm?) at metallic tubes, and
1.37 eV (208 cm?) and 1.60 eV (235 cmt) at semicon-
ducting tube$*® However,E/; are smaller than those of cor-
respondingg;; . It is noteworthy that the differences between
E/, andE;; occurred in the range of 0.8 eV to 1.1 eV.
. ® Observed relatively sharp and sensitive dependence of the
-0.8.06-04.02 00 02 04 06  -0.8-06-04.0200 02 0.4 06 Raman intensity on the electrode potential is a characteristic
Potential (V versus Ag/AgCl) Potential (V versus Ag/AgCl) of the isolated SWNT. Previously documented behavior of
FIG. 2. Potential dependence of RBM Raman intensity of me-N€ potential dependence of the Raman intensity employing
tallic [(a), wrgy=156cm?® (circle), 162 cm?t (triangle, and  bundle samples showed rather broad potential dependence
167 cmi * (squarg] and semiconducting(b), 208 cni ! (circle), ~ With FWHM of 1.0-2.0 Vi* which were much larger com-
228 cni'! (triangle, and 235 cm! (squarg] isolated individual ~pared with the present values. Isolated SWNT highly dis-
SWNT. Intensities were monitored at the cathodic scanning of thgersed lying on an Au electrode in the present system should
electrode potential at a rate of 10 mV’s Lines serve as visual form an ideal junction with the Fermi-level alignméhtt is
guides. expected that the Fermi level of isolated SWNT in solution
matches the potential of the Fermi level of an Au electrode
tallic tube revealed Stronger Raman intensity at more posiWithOUt Slgnlflcant contribution of -CapaCitive Charging effect.
tive potential than a semiconducting tube. Figure 2 showd Nus, the relatively sharp potential dependence may reflect
potential dependence of Raman intensity of metallic andgharacteristics of the distribution of the electronic states in
semiconducting tubes present at distinct frequency of théSolated SWNT on an Au electrode in solution.
RBM, wggy. The potential dependence of the Raman inten-_ T0 €xplain the observed sharp potential dependence of
sity broadened in both the metallic and the semiconductingi@man intensity in the present system, additional effects
tubes with largemwggy. AS wrgy iNcreases, the potential at Should be considered with respect to causation of filling
which the Raman intensity is at a maximugy, becomes (depleyor) of the conducnor{_valence) band at more positive
increasingly positive. The, of metallic tubes demonstrates (N€gative electrode potentials. In the system of electro-
relatively positive values with respect to those of semicon.chemical interfaces, the e_szect of solvatlon_ls often consid-
ductor tubes. ered as one of the most important factors in terms of alter-
The electrochemical potential dependence of Raman inf'_ation of tﬂe energy distribution of the electronic statgs at the
tensity, reported originally by Kavagt al, involved bulk interface. Geperally,_an energy level of thg elgctr_onlc_: states
bundle SWNT sample¥. They proposed that electrochemi- of molepule; in solu_tlon_ acquires a specific distribution due
cal anodic and cathodic polarization of SWNT caused deplet-o the V|brat|on-ro§at|on interaction between these mol_ecules
tion of the valence band and the filling of the conduction@"d theé surrounding solvent moleculésAithough precise
band in SWNT, respectively. These changes in electron derfStimation of the distribution of the energy state at the elec-
sity, which lead to bleaching of the electronic transition be-trochemical interface is difficult, the Gaussian distribution
tween van Hove singularities in visible and near-infrared re-2Ssociated with widths of approximately 0.5-1.0 eV often
gions, produce decreases in resonant Raman intensity. TIRsOvides a rough estimation of the density of the electronic
potentials where bleaching began were considered to reflestates of moAIecuIes at the electrochemical interface at room
the energy levels of van Hove singularities. Reversible€mperaturé? If one assumes that the energy levels of
bleaching of the optical transition of bulk bundle SWNT in SWNT on an Au electrode possess such distributions due to
the vis-NIR region utilizing controlled electrochemical dop- Solvation, this broadened conductioralencg band may al-
ing was also confirmed by Kavaet al** and Kazaouet al® low the process of f|II|andepIetlon of the'electronlc' stqtes
Based on the aforementioned model of electrochemicait Mmore positive (negativg electrochemical polarization,
doping of SWNT, the FWHM of the potential dependence Oflead|ng to relatlvely sharp potential dependence of the Ra-
the Raman intensity should reflect an energy separation bédan intensity. In this case, tHg; depends on botk;; and
tween van Hove singularitie€;; , of the isolated SWNT in the widths of the energy distribution of the states |n.(.:onduc—
the present system. As depicted in Fig. 2, the FWHM estifion and valence band\c and A . Considering significant
mated from the potential dependence displayed Signiﬁcarﬁontnbunon of van Hove singularities in conduction and va-
tube-dependence. The values varied from approximately 0.@nce band to the optical bleaching process, Hjeis ex-
V (wrgy=156cm?!) to 0.9 V (167 cm?') at metallic pected to display a value smaller thEp by the sum of the
tubes, and from 0.3 V (208 cnd) to 0.7 V (235cm?) at  half values ofAc and\y: Efj=E; — (Act\y)/2. Observed
semiconducting tubes. If the FWHM are assumed to reflectlifferences betweeR;; andE;; in the present system were in
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FIG. 3. Relation between observeskgy and ¢, at metallic S s i tube
(circle) and semiconductindtriangled SWNT. Closed and open SN il
marks correspond to results obtained at the cathodic and the anodi E,=148eV L6 eV 1.58 eV L.72eV
scanning, respectively. 34 -2
b | (b)
the range of 0.8 eV to 1.1 eV, which demonstrated fairly § Zﬁ_ 3§
good agreement with those expected from energy broadening a2f B B
as a consequence of solvatih5-1.0 eV. This result sug- g 44} 2 4,
gests that the potential dependence of the Raman intensity i§ 46 § ol
the present system reflects the energy position of the elec> ‘5‘-“ > 02
tronic states of the individual SWNT on an Au electrode in g ol g 04
solution. 254l 2 g: :
Figure 3 presents a plot @, observed for different me- £ 56l & Lol ‘
tallic and semiconducting tubes. The valuesdgfwere ob- 58 12 ?
tained through a Gaussian fit to the potential dependences c . :

the Raman intensity. Theé, at negative and positive scan ) )

exhibited differences for approximately 0.1-0.2 V. Thus, FIG. 4. (a) Relation between assigned energy separatign,

both potentials were plotted in Fig. 3. A linear relation be-2nd o at metallic (circle) and semiconductingtriangle SWNT.
tween g, and wrgy Was detected in both metallic and semi- C0sed and open marks correspond to results obtained at the ca-
conducting tubes. Thergy of isolated SWNT can be cor- thodic and the anodic scanning, respectively. Solid lines were de-

related to tube diameted,, according to the equation rived from the average of the dotted lines at the metallic and the
= . t 12.16 g q t semiconducting tubes, indicating the proposed Fermi levels of
=Clwggy, Wherec is a constant™""The present result SUg- q\yNT (1) Potential diagram of the electronic state for several
gests that the potential showing maximum Raman '”te”S'%WNT(Ref. 15. From left to right,(9, 7), (11, 4 semiconducting

becomes positive in a manner inversely proportional to the 5notubes and3, 10, (15, 6 metallic nanotubes.
diameter of SWNT. The diameter-dependent shift at the me-

tallic tube is more apparent than that at the semiconducting, Fig. 3. The values of SWNT observed in the present in-
tube. _ vestigation can be estimated from the dotted line in Fig. 3.
The ¢, is expected to correspond to the energy level afrhe jines determined from the average of the values of an-
the center between van Hove singularities in conduction anggic and cathodic scans at metallic and semiconducting tubes
valence bands of individual SWNT. The origin of the differ- 4¢forded a simple relation betweeng), and the work func-

ence in¢, at negative and positive scan remains unclearijon of metallic,®,, , and that of semiconductings, tubes,
Reversible morphological change of SWNT on an Au elecyyhich are given byby =|e| Vae as follows

trode at different potentials presumably contributes to this

hysteresié7 In the present study, we propose that average ®y=2.2x10 2wrgy+1.15,
values of ¢y at negative and positive scan can reflect the
energy level of the center position between van Hove singu- D=1.2x10 2wrgy+ 1.59.

larities, i.e., the Fermi level of isolated SWNT. The work
function of SWNT can be correlated to the absolute potential Structural-dependent shift of work functions can also be
as proposed by Kazaoet al® correlated to the energy separatibn of SWNT. Figure 4a)

It is known that electrochemical potential measured withillustrates the relation between the potential of the Fermi
respect to a reference electrode is related to absolute potelevel of SWNT andE;; . Although there are several assign-
tial relative to the vacuum levéf Potential scale versus the ments of observedgg), to E;; and the tube diameted;,
vacuum level using the valuesy s (vs vacuum level) available!?'®we tentatively assigne;; based on the report
=V (vs NHE)+4.44V, derived by Trasatlf and of Dresselhaust al!?°Relative ratios of the change in the

V (vs Ag/AgCl)=V (vs NHE)—0.197 V is also exhibited potential of the Fermi level to that &;; are 1.96 V/eV for
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the metallic tubes and 1.20 V/eV for semiconducting tubesFermi level?* The charge transfer fromr to o orbitals at
These values imply that the change in the work functionsmaller diameter CNT increases the carrier concentration in a
relative to that of;; is significantly large. Figure(®) shows  manner inversely proportional to the diameter of SWNT. Al-
selected potential diagrams of the electronic statépf7),  though qualitative comparisons between the charge transfer
(11, 4 semiconducting SWNTs and3, 10, (15, 6 metallic and 'ghe shift of the Fernjillevel are not currently availe;ble,
SWNTs® This fact indicates that energy levels of both the contribution of thes—m mixing at SWNT should be a major

conduction band and the valence band become deeper refctor in terms of alteration of the work functions of the
tive to the vacuum level a&. increases in the case of tubes. Differences in the mixing between the semiconducting
SWNT ! and the metallic tubes may lead to distinct diameter-

These values appear to be smaller than those of previo pendenpe in the shift and values of the work functions
investigations. Although documented work functions of 2°Served in the present system.
' . . In conclusion, the significant structural dependence of the
SWNT bundles determined by photoelectron spectroscopy iRg

hibit di ¢ SWNT val rmi level of isolated metallic nanotubes was clarified. The
a val;:uum e’é 'd'_ S?]me |screfp2r;cyé rﬁg’g A Valu€gependence of a metallic tube is larger than that of a semi-
can be regarded in the range of 4.8-5. cent theoret- 4y cting tube. The level of a metallic tube is deeper than

ical calculations employing the first-principles method re-iha¢ of 4 semiconducting tube characterized by comparable
vealed the positive shift of the work function due to the gnergy separation between the valence and conduction states.
formation of bundles. The work function of metalli£2,12  £rther investigation is necessary in order to clarify the ori-
tubes changed from 4.77 eV in the case of isolated tubes iging of the relatively large shift depending on the structure
4.94 eV in the case of a bundleelatively small work func-  3nq the difference in the metallic and semiconducting tubes

tions obtained in the current experiments may be partially, terms of the energy levels. However, data obtained from
explained by the effect of the isolation of single SWNT onhe present experiments may be utilized to select desired

the surface of the Au electrode. _ _ SWNT with favorable electronic structure for construction of
Significant diameter-dependent shift of the work functionjoreq “single-tube” devices.

is also a novel feature of isolated nanotube. Currently, we

have no definitive explanation for this phenomenon; how- We would like to thank Dr. K. Ajito, NTT Basic Research
ever, we may consider the effect of the-7 hybridization at  Laboratories, for stimulating discussion and his advice re-
the tubes. The strength in the hybridization alters the densitgarding construction of am situ confocal near-infrared Ra-
of the states and the carrier concentration of GRIRecent man system. Grateful acknowledgment is also made to I.
calculations reveal that—m mixing increases with decreas- Chiba, Tokyo Instruments Co., for his help in constructing
ing CNT diameter, leading to the downward shift of the the optics of the Raman system.
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