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Optical and dc conductivity study of potassium-doped single-walled carbon nanotube films
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We have performed dc transport and optical conductivity measurements on purified and potassium doped
thick films of single walled carbon nanotubes. The pristine sample is characterized by a niEraltie)
response of the optical properties despite the non-metallic behavior in the dc resistivity measurements. Even
though the spectral weight of the metallic component in the electrodynamic response increases with doping, in
agreement with the trend of the dc transport properties, there is a quantitative mismatch between the optical
[o1(w—0)] and dc transport. Comparing the dc and optical conductivity measurements we conclude that
potassium doping influences differently the non-metallic tube-tube contact regions and the intrinsic on-tube
transport.

The electronic properties of a one-dimensiofidd) con-  doping on the transport properties, it is necessary to under-
ductor have generated a lot of interest both experimentallgtand the interplay between different sources of transport:
and theoretically. The reason for this excitement lies in thehamely, the transport primarily induced by on-tube doping or
very rich phase diagram of a 1D conduct@xpressed in doverned by the doping of the tube-tube contacts. In this
terms of theg-ology framework and the prediction that in a '€SPect, we have performed dc transport measurements and
1D system Coulomb interactions should lead to a stronglfpt'cal experiments on pristine and potassium doped bucky
correlated electron gas called Luttinger Ligyld.), instead paper samples. The measurements are not devoted to dgamde

. . P S whether the SWNT behaves like a LL, but rather as a first
of the usual quasi-particleor Fermi liquid picture=™ For  gian in order to obtain information on the intrinsic conduc-
instance, recent transport and optical measurements on tlﬁgity of these novel materials.
quasi-one-dimensional organic Bechgaard salts give evi- We have used several samples from several batches: our
dence for typical fingerprints of the LL state? own production with the arc discharge method and our own

The synthesis of single walled carbon nanotdSes purification, and samples bought from Carbolex and Rice
(SWNT) opened a new field of investigation for a 1D sys- University and repurified. The data of the pristine sample
tem. Carbon nanotube&CN) are cylinders of a fewum  Were comparab!e for all three batches if t'h.ey were well pu-
length and of a diameter in the nm range, obtained by wrapﬂfl%d-t Thte pflftmed tri]ucliyt paE[)eOrI was punﬂedtblyzgcm)e (L;SL:lra;]l
ping up a single graphene layer, the starting ingredient?¢'? reatment and heat treated in vacuum a °C. The
There are many possibilities to roll-up a graphene layer intdliameter of the SWNT in the ropes is around 1.4 nm. The
a cylinder, and the CN are classified according to the heIicanlume fract.|on of the metallic catalytic pa}rtlcles is less than

. : . %. Potassium doping was performed in an oxygen-free,
symmetry around the axis 'of the cyImder.' The differentgggieq atmosphere at 300 °C, for 48 h. The potassium doped
classes of nanotubes are indicated by the lattice ve@tars  samples are air sensitive. For this reason sealed cells that
in the graphene layer to make the tube. Depending on thReep the samples in a safe atmosphere have been used both
choice of (n,m) the tube is either a metal, a narrow gap for dc and optical measurements. Four probe resistivity mea-
semiconductor or an insulatf. Although (n,m) cannot be  surements were performed both during and after the doping
controlled during the synthesis, scanning tunnel microscopjn the sealed sample holder. For the optical investigation a
(STM) studies show that 30-40% of the SWNT are specially designed cell with a wedged diamond window, that
metallic? permits infrared reflectivity measurements, was used. Dia-

The LL behavior was also identified in these metallicmond is in fact transparent in a broad spectral range, from
SWNT's1® However, the manifestation of thexotic me-  the ultraviolet to the far infraredFIR) (extending also to
tallic behavior in SWNT is controversial since twists of the microwave frequencig@sexcept for a multi-phonon absorp-
nanotube or interaction with the substrate, over which CNgion band between 1500 and 4000 ¢ Moreover the
are deposited, can strongly perturb the CN electronic struowedged diamond window significantly reduces the amplitude
ture. It is believed that in mats of SWN(Ealled bucky pa- of the interference fringes which are present especially in the
pen the metallic nature of the nanotubes manifests muchFIR for windows with parallel faces. After the measure-
easier. This is because of the absence of the substrate, everents, the sample has been removed from the diamond cell
though the tube-tube contact resistances can still be preseand a referencé@aluminum mirroj has been measured in the
and undermine the dc transpdttt? Nonetheless, it has been same configuration. The reflectivi§(w) was measured as a
demonstrated that the carrier density in SWNT can bdunction of temperature over a broad spectral range from 30
changed by doping as in the case of graphitl order to up to 3x10* cm™?, using three different spectrometers with
have a clear picture of the effect of the charge transfer upooverlapping frequency rangésee Ref. 3 for more technical
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FIG. 1. Scanning electron microscog$EM) image of the pristine 200
SWNT thick film used in dc transport and optical conductivity measure-
ments.
detail. The optical conductivity was obtained from %
Kramers-Kronig(KK) transformations of the measured re- &
flectivity. Standard extrapolationg.e., R(w)~w 2 for o 5 10
>3x10* cm™! and R(w)~w ™% for o>5%x10° cm Y
were used above our highest frequency limit, while below
the lowest measured frequency we performed the Hagen-
Rubens(HR) extrapolatior?

Figure 1 shows the scanning electron microsc@pi§M) (iol — ""'1"02 — 103 — 104
image of the pristine sample. The sample consists of high Frequency (cmY)
gens!:y O]; .SWNTt.I’Ope[S) of (tjlfftehrent dlamett.ers Wlt?hvzry flc;\rl]v FIG. 3. Optical reflectivity@) and optical conductivityb) as a function
ensity ot impurities. ,L,Ie O e prepara lon method o eof wave numberphoton energyfor pristine and potassium doped SWNT
bucky paper by depositing it on a filtration membrane, thegympje.

bucky paper quality is quite reproducible. The density is
ground 40 mg/qﬁwange(the t_heoretical density of the rope agreement with previous investigatiolls®® In the potas-
is 1.3 g/end). This can vary slightly from batch to batch, and sjym doped sample the resistivity has decreased by a factor
consequently the bucky paper resistivity too. However, thg,s 10 at 300 K and it shows a positive metalliclike slope
dc and optical conductivity were measured on the sameown to 70 K, where a shallow minimum is evident before
bucky paper. Figure 2 ShOWS a typical _dc_ resistivity VersUshe slight increase of(T) below 50 K.p(T) in the doped
temperature curve for a stripe of the pristine and potassiurgample demonstrates the enhanced metallicity, at least down
doped samplle. In the pristine sample the re_S|st|V|ty dlsplay§ f 70 K, of SWNT upon doping, in accord with the electron-
shallow minimum at 360 K and below this temperature itgnin resonance resulfsand resistivity® of potassium inter-
shows a nonmetallic temperature dependence, in qualitativgyjated SWNT. By comparing resistivity measureméfts,
we can say that the relative change of the resistivity between
the pristine and K-doped sample interpolates well between
the changes of the pristine and fully saturated sam(ilest
is KC8) cited in the literature.
] Figure 3 displays the reflectivity spectR(w) and the
1 ] corresponding real past;(w) of the optical conductivity for
pristine 1 the pristine and the potassium-doped SWNT sampleg at
1 =300 K. In all measured samples we did not find any tem-
perature dependence in the optical spectra. We also note that
the bucky paper thickness of about 2th was large enough
0.01L i so that our samples were not transparent in the investigated
i 1 frequency range. In fact, the samples were mounted either on
C l / ] a Cu or on a glass plate and no contribution from or inter-
~—ee K doped ference effects due to the bucky paper substrate were found.
0 100 200 300 400 For both samples the reflectivity increases for decreasing fre-
Temperature (K) guency from the visible down to the FIR range showing the
FIG. 2. dc resistivity versus temperature of a pristine and a potas-typlcal optical fingerprint fo[ the metallic behavior, with a
sium doped SWNT sample. The arrows indicate the shallow minimunPPlasma edge at about 2000 ctnA broad bump at about 200
at 360 and 70 K for the pristine and doped sample, respectively. cm * is also evident for both samples. However, for the

Resistivity (Qcm)
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doped sample an increase of reflectivity in the mid and fafrequencies, it turns out that the doping dependence of the
infrared region(at frequencies lower than 400 ¢ is evi-  optical conductivity atw<10* cm™ %, which is the relevant
dent with the appearance of a stronger free charge carriepectral range for the present discussion, is not affected by
contribution at very low frequencies. There is a significantdifferent extrapolations in view of the KK transformations.
difference between the samples in thg values used for the In the common investigated spectral rar{ge., between 0.5
HR extrapolations oR(w) for w—0. In fact, our spectra are and 3 eV}, our optical spectra on SWNT are characterized by
consistent with a HR law withrg.=60 (2 cm)~! for the  similar electronic interband transitiorisee for comparison
undoped sample and 170 cm) ! for the doped one, indi- Fig. 3 and its inset of Ref. 29We did not find any doping
cating also from the optical point of view an increased me-dependence in this range. This is in contrast to the results of
tallicity of the sample upon doping. While this is in accord Ref. 18, where changes in the energy loss spdsta, e.g.,
with the trend of the transport measuremdfig. 2), thereis  Fig. 3 of Ref. 18 occur between 1 and 2 eV. We might
a quantitative disagreeme(gee below. speculate that the low reflectivity in the visible spectral range
The real part of the optical conductivity is characterized(because of relevant surface scattering of our bucky paper
by a broad absorption centered at about 150-200'aand  specimehdo not allow for enough resolution. Nevertheless,
by a peak at higher frequency that corresponds to an elethe effective changes upon doping R{w) in that spectral
tronic interband transition. The intensity of this latter absorp-range should be rather tinigee also beloyy as it could be
tion is little affected by the extrapolation used for frequen-evinced by calculating the expected reflectivity starting from
cies higher than the measured ones. Going from the pristinthe energy loss spectté.
to the doped sample one can observe that at frequencies Our spectra can be perfectly reproduced by a Drude-
lower than 200 cm' the intensity of the optical conductivity Lorentz modef® Besides a Drude term at zero frequency for
is significantly increased and the broad FIR peak weaklythe effective metallic component af;(w), we consider
shifts towards lower frequency. Our data are in agreemerthree Lorentz harmonic oscillato¢slO’s) at higher frequen-
with the spectra measured by Ugawtall® and Kuzmany cies. The first oscillator describes the absorption at about
et al’® on an undoped SWNT bucky paper. The former datal50—200 cm* while the other two oscillators are necessary
show a plasma edge at about 2500 ¢nin the reflectivity  to qualitatively reproduce the spectra at high frequency. The
spectra and a peak at about 120" ¢rin the optical conduc- aim of the fit is to account for the spectral weight distribution
tivity, in good accord with our results. Moreover, Ugawa in o,(w) and not for a specific assignment of the electronic
et al. did not find any temperature dependeftt.is worth-  interband transitiongsee Refs. 18 and 19 for a more ample
while to compare the present optical results with our invesdiscussion of this issie Since the doping has remarkable
tigation of mechanically aligned multi-walled CNQualita-  effect on the spectrum at frequencies lower than 200%cm
tively, the spectra in both investigations are quite similar.the parameters of the two phenomenological oscillators at
Anyway, the multi-walled CN film has an apparent higher frequencies remain unchanged for the two samples.
insulating-like behaviofi.e., o1(w)—0, for v—0], charac- We then focus our attention on the remaining two compo-
terized by an absorption of about 50—70 ¢m’ Because of nents of the spectra: the Drude and the FIR absorptien
the morphology of the multi-walled CN film we interpreted the first HOs in our fit The Drude term is enhanced in the
the spectra in terms of the Maxwell-GarnédG) approach  doped sample. The parameters characterizing the Drude term
which allows us to extract the intrinsic metallic contribution of the pristine sample are,p=593 cm® for the plasma
in the transport properti€s. The MG approach is here not frequency andyp=115 cm ! for the scattering rate, while
suitable since the SWNT specimen seems to be already ifor the doped sample we find a bigger value for the plasma
the so-called percolation limit, and furthermore the buckyfrequencyw,,=984 cmi !t and the same one for the scatter-
paper does not allow any distinction between differggd-  ing rateyp. The increasing plasma frequency upon doping
larization or tube axisdirections. Therefore, our analysis is a further indication of the enhanced metallic contribution
and discussion of the optical data assumes that the specimeinsthe doped SWNT. Within our fits, we can also observe
may be considered as homogenedusklike) samples. that the spectral weight gained by the Drude term upon dop-
Pichleret al*®°have recently performed high-resolution ing is actually lost by the broad FIR absorption. Such a re-
electron-energy-loss spectroscopy measurements of SWNdistribution of the spectral weight upon doping leads to an
and potassium intercalated bundles of SWNT's. For the inenhancement oR(w) in the FIR instead of an enhancement
tercalated SWNT the loss function was fitted within a simpleof the plasma edge feature. This seems to be consistent with
Drude-Lorentz modé? with a charge carrier plasmon and the results of Pichleet al8 It is obviously possible that such
three oscillators. From the fit parameters of Ref. 18 it isa doping-independent plasma edge is the consequence of
possible to calculate the expected reflectivity spectra. Thehanges in the screening of the plasma frequency by elec-
calculatedR(w) curves are very similar to our spectra, with tronic interband transitions outside our measurable spectral
the same metallic behavior and a plasma edge feature somemnge(i.e., forw>4x10* cm™Y). It is necessary to achieve
how shifted to higher frequency. Our data better comparaigher intercalations in order to observe remarkable effects
with the reflectivity obtained from the parameters of the lesson the plasma edge.
doped sampléwith a ratio of C/K=16+2) than with the The absolute value of the dc conductivity of the pristine
reflectivity calculated from the most doped otwith C/K sample is 200 cm) ! at room temperature, lower than the
=7+1)."® This is actually consistent with microprobe value deduced from the optical conductivity. This is prob-
analysis. We also note that one could use the energy lossbly associated with the fact that in pristine samples the dc
spectra in order to complete our optical spectra dor4  transport is limited by the tube-tub@ope-ropé contacts,
x 10" cm™L. However, sincR(w) is very small at such high instead of being a measurement of the intrinsic conductivity
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of the metallic nanotubes. In the case of the K-doped samplanlikely. One could also speculate that this FIR feature is an
the dc-conductivity value changes by more than a factor oensemble of gaps belonging to those CN withm) combi-
10 at room temperature. This is due to the dramatic changesation for which a semiconducting or insulating state is
of the tube-tube contact resistance upon doping. Once theredicted®'® In this respect, it is worth noting again, that the
passage from tube to tube has been improved, the percolatirigtal spectral weight of the Drude component and the FIR
path through the sample picks up more from the intrinsicabsorption is constant in both specimen. However, the rela-
high on-tube conductivity. Consequently, the resistivitytive ratio of the Drude spectral weight with respect to the
minimum is due to the interplay of a metalljon-tubg and  total is 16% for the pristine and 48% for the doped SWNT.
activated conductioithopping of the electrons between the Such a shift of spectral weight upon doping in favor of the
tubes through regions where they touch each gtheross effective metallic component ior;(w) would suggest that
the sample. Due to surface effects and disoféeg., amor- the doping enhances anyway the metallic channels and/or the
phous carbon on the tubeghe transport looks like a ther- relative amount of intrinsically metallic CN. It remains to be
mally activated passage through a barrier. Doping with poseen why these gaps appear in such a small frequency range
tassium makes these regions much more conductingnly. Alternatively, the FIR absorption could be associated
rendering the inter-tube transport easier. Thus the resistivitwith the convolution of several infrared active phonon
minimum shifts to lower temperatures. On the other handmodes. For a generic nanotube the number of optically active
since the SWNT are randomly oriented, the optical conducphonon modes depends on the chirality, while their reso-
tivity is averaged for all directions and its value for the nance frequencies depend on both chirality and diameter
doped samplémore specifically the dc limit ofri(w)] is (this seems to be especially true for the modes at lower fre-
lower than the conductivity along the metallic tubes. Indeedguenciegs All nanotubes, independent of chirality, have in-
the averager;(w—0) value only increases by a factor of 3 frared active modes in the range between 100 and 200
upon doping. Nevertheless, we shall note that the opticatm 12! Consequently, the convolution of these phonon
spectra, while qualitatively similar, were found to be quanti-modes could originate from a distribution of nanotubes with
tatively very much dependent from the sample preparatioifferent chirality and diameter, forming our SWNT bucky
(like, e.g., the content of potassium or the distribution ofpaper samples.
tubes with well definedh andm). Indeed, the optical conduc- In conclusion, we have performed dc transport and optical
tivity never displayed a simple Drude-like behavior and theconductivity measurements on purified pristine and potas-
FIR feature(i.e., the absorption around 200 chwas some-  sium doped SWNT thick films, emphasizing particularly the
times smeared out within the high frequency tail of theeffect of doping on transport. The pristine sample shows a
Drude component and only a detailed fit ®f reveals the Drude component in the optical conductivity despite the non-
presence of this absorption. metallic behavior in dc resistivity measurements. We at-
One possibility would be to ascribe this FIR feature to atribute this disagreement to effects due to the nonmetallic
gap on metallic tubes due to tube-tube interaction in thdube-tube contacts. The latter principally affects the trans-
bundle. In fact, the symmetry of the individual tube in the port. It also turns out that the potassium doping much more
rope is broken which induces a hybridization of the twostrongly influences the tube-tube contact regions than the
crossing bands at the Fermi level, opening a small gap. In #ntrinsic on-tube transport, so that the average dc conductiv-
simple model the dc resistivity minimum is related to theity is higher than thew—0 optical contribution, averaged
excitation through this gap. If this is the case the shift of theover all directions.
resistivity minimum in the K-doped sample to low tempera- The work in Lausanne was supported by the NFP 36 pro-
ture would mean the closing of the gap. In the optical spectr@ram of the Swiss National Science Foundation. The work in
such a gap looks like a pseudo-gap because of the effectiv&urich was supported by the Swiss National Science Foun-
metallic contribution. However, the peak in the optical con-dation. B.R. and L.D. wish to acknowledge the technical
ductivity hardly changes its position, making this possibility help of J. Muler.
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