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Self-assembled chains of graphitized carbon nanoparticles
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We report a technique which allows self-assembly of conducting nanoparticles into long continuous

chains. Transport properties of such chains have been studied at low temperatures. At low bias
voltages, the charges are pinned and the chain resistance is exponentially high. Above a certain
thresholdV+, the system enters a conducting state. The threshold voltage is much bigger than the
Coulomb gap voltage for a single particle and decreases linearly with increasing temperature. A

sharp threshold was observed up to about 77 K. Such chains may be used as switchable links in
Coulomb charge memories. @999 American Institute of Physid$$0003-695(99)03418-X

One-dimensional1D) arrays of small metallic islands shown in Fig. 1b). In all cases we use “onion” type graphi-
weakly coupled by tunneling are expected to have remarktized carbon nanoparticlégf diameterD ~30 nm, available
able transport propertiésUniform arrays can be used in commercially’ We have verified in independent experiments
single electron memoriésr in electron pumps which may that these particles are metallic down to at least 4.2 K. For
allow a new metrological standard of capacitaii@ollec-  the self-assembly, a small amount of particles is dispersed
tive charge pinning is predicted for disordered arfagich  yitrasonically in a dielectric liquidtoluens until a uniform
systems enter a conducting state only above a certain thresgind slightly gray colored suspension is formed. An oxidized
old voltage, which increases with the number of islands ingj sybstrate with Cr electrodes is immersed into the suspen-
the array. Therefore 1D arrays can serve as switchable elegjon and the leads are connected to a 40 V voltage source in
tronic links for Coulomb charge traps. High operational tM-gerjes with a big resistdRs=1 G(. This resistor limits the
peratures and good reproducibility could be achieved if the,,rent and serves to interrupt the process of self-assembly

arrays are compo_sed of nanometer scale metallic particlegs soon as the first conducting chain is formed, similar to
synthesized chemicallisee, for example, Ref.)5New ap- ef. 10. Initially the current between the electrodes is very

proaches should be developed in order to organize suG w, | <10 pA. After a few seconds it increases suddenly by

nanoparticles into useful electronic devices. .a few orders of magnitude. This indicates that the first con-

This letter describes a self-assembly technique which i . . .
. . . . Tinuous chain has been formed. Immediately after this cur-
used to arrange conducting nanoparticles into long continu-_ "~ o .
nt jump, the substrate is rinsed gently, dried and cooled

ous chains. The process of electrostatic self-assembly také . .
place between a pair of voltage biased microelectrodes, im2oWn- Low noise current measurements'have been carried
mersed in a dielectric liquid with suspended nanoparticles(.)Ut with an Ithaco 1211 current preamplifier. At low tem-
The electric field generated between the electrodes polarizes
conducting particles and, due to the dipole—dipole attraction,
leads to formation of a continuous chain which links the
electrodes. Note that this chain formation effeist respon-
sible for different electrorheological phenomena and was
studied in macroscopic systems in this contextere we
demonstrate that this mechanism, if used on the micrometer
scale, can produce continuous and electrically conducting
chains of nanoparticles with very interesting and possibly
useful transport properties. Our samples exhibit a Coulomb
threshold behavior up to rather high temperaturés (
~77K), even though we use relatively big particles of di-
ameter D~30nm. Many of the properties of such self-
assembled chains can be understood in the framework of the
model of collective charge transport in disordered arrays,
proposed by Middleton and Wingre¢mw).*

A pair of leads bridged by & 1.2 um chain of nanopar-
ticles is shown in Fig. (). The Cr electrode§10 nm thick
have been fabricated using standard optical lithography and

lift-off techniques. Longer chains are also possible as igIG. 1. (a) A scanning electron microscop8EM) micrograph of a chain of
graphitized carbon nanoparticles self-assembled between two Cr microelec-
trodes. The chain length is~1.2 um. (b) An example of a longer chain.
¥Electronic mail: alexey@rsj.harvard.edu The image shows a part ofsa6 xm chain and one Pt electrode.
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FIG. 2. Low current parts of threle-V curves measured onla~1.2 um

chain atT=300, 72 and 13 K. The 300 K curve is divided by a factor of 20.
The continuous curves &>0 are the same exponential fits as in Fi)3

The schematic on top shows a 1D array of islafmjsen squargsbiased

with a voltage which is slightly below the threshold. The number of induced
extra electrons on each island is shown schematically by black dots above
each island. The charge distribution is linésee Ref. 4 This is similar to

the flux distribution in type-1l superconductors with strong pinning which
are described by the Bean model.

1(A)

t th . | th 5 fA aft . f FIG. 3. () Log—log plots of the current vs normalized voltage for three
peraiures theé noise was lower than after averaging 0Eiifferent samples of. ~1.2um at T=4.2 K. The bottom curve is shifted

~100s. down by 1 decade for clarity. The linear fits drel o[ (V—V1)/V]¢, where
Current—voltage I(-V) characteristics(averaged over ¢=1.03, 2.06, and 2.32, respectively, ape-0.15, 0.35, and 5.9 nA. Cor-
~10 scansmeasured on one representative sample are p|0fespc_mding threshold voltages avg~0.3V, 0.615 V, and 0.385 V(b)
ted in Fig. 2 for three different temperatures. The/ curves ~ Semilog plots ofl =V curves measured dt=72, 45 and 13 K on the same
. . sample. Straight lines represent the exponential fit¥//R, exp(V/Vy). The
are not hysteretic. At room temperature and low bias the,rameters aryy=36, 40, and 48 mVR,=5.1x10%, 7x 10, and 1.9
-V curve is linear with a zero-bias resistance~e12 (). X107 Q at T=72, 45 and 13 K, respectively.
Already at relatively high temperatures:{{7 K) we observe
a fully developed gap. Within the accuracy of our measure-
ments (5 fA) the current is zero below a certain threshold ~N&2Cg. In our caseCo~2meD~1.7x 10" *F. To esti-
voltage V1 which increases with decreasing temperature. IrmateC we assume that the idealized polyhedron shaped par-
the examples of Fig. 2 the threshold &~0.18V atT ticles of graphitized carbdnare assembled in the chain in
=72K and it increases up %;~0.38 V when the sample is such a way that the facets of neighbor particles are parallel to
cooled down toT=13K. |-V curves measured on six  each other. Therefor€~Ag,/d, where A=3v3/2(D/4)?
~1.2um samples were similar to those shown in Fig. 2. The=1.5x10 ¥m? is the area of each facet. The distarte
absolute value of the threshold is subject to strong sampléietween the facets can be approximated by the spacing be-
to-sample fluctuations, probably due to irregularities in thetween graphene layers in graphite, s 3.35 A and finally
chains. The averaged value of the threshold was found to b8~4x 10" 18F. [Therefore the charging energy of a single
(V1)=0.3+0.2V at T=4.2K. Measurements on a longer particle ise?/2(2C+ Cy)~8 meV.] SinceC is of the same
chain suggest that; scales linearly with the chain length, as order of magnitude a€,, we have to use numerical results
expected from the MW model. For a chainlof5.6um we  of MW: V;Cq,/eN~0.09 for C/Cy,=2.35. With N=~L/D
have foundV;~1.1V (at T=4.2K) while the expected =~40 as estimated geometrically, this givés=~0.34V
value (for a 4.7 times longer chajnis ~1.4+0.4V. (The  which is in good agreement with the experimental vallye
rms fluctuationsAV+ are assumed to satisfy the usual rela-=0.3=0.2V averaged over six samples.
tion AV~LY2% Another MW prediction is that above the threshold,
The large value of the measured threshold voltage is ahen the voltage is high enough to populate the entire chain
collectiveeffect. Indeed, if it would be due to a single very with electrons, the current follows a power laiw-[(V
small particle in the chairfwhich would have a very big —V;)/V{]¢, where/=1 and 5/3 in the 1D and 2D cases,
Coulomb gap, then the threshold should be observed even atespectively(the MW numerical simulation for the 2D case
T=300K because the thermal energy at 300 K is d@df  gives a different value of~2). Experimentally we do ob-
~26 meV, which is much lower thaaV;~300meV. Ex- serve a power-law behavidsee Fig. 8)]. The sample-
perimentall -V curves do not show any gap at 300(Rig.  dependent exponent i&=1. Note that exponents bigger than

2). unity ({~1.4) were measured previously on artificial 1D
It is instructive to compare the threshold voltage with thearrays:!
MW model which predicts thdt=0 for V<V, whereVy is This type of power-law —V dependence suggests that a

proportional to the number of particléé If the mutual ca- true transport threshold exists in our chains. This conclusion
pacitance between the particl€sis much smaller than the can be strengthened further if one can confirm experimen-

self-capacitanceor capacitance to the gat€, then V;  tally that below the threshold the current is indeed sup-
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V1(T)~V1(0)—kgT/e. Therefore the threshold voltage for

04 the chain is reduced toV+(T)~V:(0)—NKkgT/e, and
- !.w . dV;/dT=—Nkg/e should be compared with the experi-
=~ 03 N\'\ mental value— 3.6 mV/K (Fig. 4). Inserting the estimathl
> 0ok U ~40, one obtains-3.5mV/K, in good agreement with ex-
e periment.
|

In conclusion, we have developed a new technique
which is used to self-assemble nanoparticles into long con-
tinuous chains. The electrons in the chains are collectively
FIG. 4. Temperature dependence of the threshold voltage measured on tjgnned at low voltages by Coulomb energies. At the thresh-
same sample as Fig. 2. The linear fiMs(T) =V(0)—T-dV,/dT, where  g|d voltage(which decreases linearly with temperatutiee
V1(0)=0.41V anddVy/dT=3.6 mV/K. chains switch into a conducting state. The Coulomb blockade

. ) ) ) was observed up td~77 K.
pressed. The idealized MW model predicts a strictly zero
current forV<V;. Such a prediction cannot be verified ex- ~ This work was supported in part by NSF Grant Nos.
perimentally. On the other hand, in any real system the curDMR-94-00396, DMR-97-01487, and PHY-98-71810.
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exponentially below the threshold. This is true insofar as the
dynamic state is separated from the static state by an energygingle Charge Tunnelingedited by H. Grabert and M. H. DevoréRle-
barrier which can be overcome due to thermal or quantum,?' ’\I'D‘?‘éVS;(:ILkéulsggf P 2;‘99 Han 1. E. Lukens. and K. K. Likharev
quctuan_on_s.(A process which Iea(_js to a nonzero subgap Phys. Rev. Lett72, 3226(1994).
current is illustrated in the schematic of Fig) An exponen-  3m.'w. Keller, J. M. Martinis, and R. L. Kautz, Phys. Rev. Le80, 4530
tial 1-V dependence should occur below the threshold if4(l998-
; —_ ; ; A. A. Middleton and N. S. Wingreen, Phys. Rev. Letf, 3198(1993.
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(Vr ) when . € YO ‘T"ge IS decrease . € Indeed ODSEervVeyginheim, 1994 Physics and Chemistry of Metal Cluster Compouynds
such exponential tails in our samples. Figutb)3llustrates edited by L. de JongkKluwer, Dordrecht, 1994
that the at very low currentdypically lower than 1 pA the fT- C. Halsey and W. Toor, Phys. Rev. Lef6, 2820(1990.
| -V dependence is exponential, while above the threshold it K. O. Havelka and F. E. FiliskoProgress in ElectrorheologyPlenum,
- . . . New York, 1995.
exhibits the power-law behavior as it was dlsc_ussed ak_)ove.sM_ S. Dresselhaus, G. Dresselhaus, and P. C. EkiBdence of
Another important property of our samples is a relatively Fullerenes and Carbon Nanotubéscademic, New York, 1996 pp. 28—
slow, namely lineafsee Fig. 4, dependence of the threshold 29
on temperaturé? The temperature de endenceVg{(T) can ®Polysciences Indhttp://www.polysciences.comcat. #08441.
F’ ; : P . p . 10A. Bezryadin, C. Dekker, and G. Schmid, Appl. Phys. Lét, 1273
be qualitatively understood in the following way. A0, a (1997.
nonzero current appears ®t=V; when the voltage on a *A.J. Rimberg, T. R. Ho, and J. Clarke, Phys. Rev. L8#.4714(1995.
single junction iSVl(O)ZVT(O)/N on average. This is jUSt 12Each data point in Fig. 4 is determined from an averabe¥ curve
enough for electrons to overcome the Coulomb barriers be- measured at a certain temperature. The absolute value of the threshold
. . voltage fluctuates somewhat from one voltage scan to another, even if the
tween the particles. AT>0, thermal fluctuations help over- temperature does not change. We attribute the deviations from the linear

come the barrier, so current appears at a lower voltage behavior, seen in Fig. 4, to these fluctuations.
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