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Room-temperature single-electron charging in electrochemically
synthesized semiconductor quantum dot and wire array

N. Kouklin and L. Menon
Department of Electrical Engineering, University of Nebraska, Lincoln, Nebraska 68588-0511

S. Bandyopadhyay?®
Department of Electrical Engineering, Virginia Commonwealth University, 601 W. Main Street,
Richmond, Virginia 23284

(Received 11 October 2001; accepted for publication 19 Decembep 2001

Cylindrical quantum dots of diametetr8 nm and height 3—10 nm, and wires of diameter 50 nm and
height 500-1000 nm, were self-assembled by electrodepositing semiconductors in the
nanometer-sized pores of anodic alumina films. Current—voltage characteristics of both wires and
dots show Coulomb blockade at room temperature, while the wires also show a Coulomb staircase
when exposed to infrared radiation. These results establish that electrochemical self-assembly is a
viable technique for producing nanostructures that have potential uses in room-temperature single
electronics. ©2002 American Institute of Physic§DOI: 10.1063/1.1458683

Anodic alumina films containing ordered arrays of nan-wires of 0.5—1um height and 50 nm diameter. The elec-
opores are widely used for self-assembling two-dimensiondirodeposited structures aberiedin the porous alumina film;
arrays of semiconductor quantum dots and wires of uniforntheir tips neither stick out of the surface for contacting, nor
diametert The semiconductor of choice is simply electrode-are their bottoms electrically accessible because of a barrier
posited into the pores to create either dots or vertical wires i@lumina layer that separate the bottom from the aluminum
an insulating matrixaluming. Electrical access to the dots Substrate. Electrical access to the dots or wires can be estab-
or wires are established by following a sequence of steplished by carefully etching away a top alumina layer to ex-
described in Ref. 2. This synthesis technique is simple, inexPose the tips obomeof the wires/dotgthe wires/dots have
pensive, and has a rapid throughput_ different Iengths so that not all of them are eXpOS&'ﬂld

In this letter, we present results from transport measurethen removing the alumina barrier layer from the bottom as
ments in electrochemically self-assembled dots and wire¥ell following a sequence of steps described in Ref. 2. Fi-
showing room-temperature single-electron charging effectdnally, those very few wires that are exposed at both ends can
This opens up the possibility of substituting fine line nano-be contacted with gold contacts. The process of electrode-

lithography with electrochemical self-assembly in the manuP0Siting ZnSe and CdS inside the pores and making electri-
facturing ofsomesingle electronic devices. cal connections to them has been described in detail in Ref.

Electrochemical self-assembly consists of basically thre&-

stepsi(i) electropolishing an aluminum foil in a suitable elec- ) i . e X
the past with high resolution transmission electron micros-

trolyte to clean and prepare the surfa¢é) anodizing the TEM). We found th hil I q ted
electropolished foil in either sulfuric or oxalic acid with a dc popy( ). We found that while stru.ctures electro ep03|_te
n ~8 nm pores tend to be mostly single crystal, long wires

current to form a porous alumina film on the surface, and .
finally, (iii) electrodepositing the material of interest within In 50 nm pores(such as the ZnSe wirkgre composed of
the pores. When the anodization is carried out in sulfuric
acid, the pore diameter is about 8 riend the areal pore
density is~10™ cn?),® whereas for oxalic acid based anod-
ization, the pore diameter is 50 nfwith a pore density of
~10'%cn?). An atomic force micrograph of the top surface
of a porous film produced by anodization in oxalic acid is $%e® P o5
shown in Fig. 1. ¢
We electrodeposited two different compound semicon-

Electrodeposited structures have been characterized in

Alumina barrier layer

® "
: Al
S ..‘Q.Q... 0.25 uminum

: - ) . . 4 88,0
trodeposited within 50 nm pores in much thicker alumina & ??‘0’1’.0.0.:.41

produced by a few minutes of anodization in oxalic acid. The § 0.5 0.50 0.7 1.0 .25
CdS electrodeposition was carried out for 10 s so dods of o

height 3—10 nm(and diameter 8 ninwere formed, whereas g 1. (Left) Atomic force micrograph of a porous alumina film produced
ZnSe was electrodeposited for 2 min resulting in cylindricalby anodization of aluminum in oxalic acid. The dark areas are the pores and

the surrounding white areas are alumina. The average pore diameter is 50

nm. (Right) Cross section view of partially filled pores showing the “barrier

dAuthor to whom all correspondence should be addressed; electronic mailayer” at the interface with aluminum. Note that the wires are “buried;”
shandy@vcu.edu their tops do not stick out of the surface.
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FIG. 2. 1-V characteristic of CdS quantum dd& nm diameter and 3-10 o ] o
nm height showing a Coulomb blockade region of 0.3 V asymmetrically FIG. 3. 1-V characteristic of ZnSe quantum wires, consisting of a one-
straddling the origin. The blockade voltay is estimated to one half of dimensional array of 50 nm grains, measured in the dark. There is a Cou-
this voltage, or 0.15 V. lomb blockade, but no discernible staircase.

grains separated by amorphous regidmi&ectron transport From the measured Coulomb blockade voltage of
in the ZnSe wires probably takes place by tunneling from0.015 V in the case of the dots, we estimate a total capaci-
grain to grain through the intervening amorphous regiongance of Cy=e/2V,=5.4 aF between the contacts. If we
that act as potential barriers or weak links. In the past, thergiew the dots as parallel plate capacitors, then the capaci-
have been reports of forming weakly linked grains in elec-tance of a single dot i€ =eA/d (whereA is the dot surface
trodeposited silver nanowires by applying a voltage pulserea,e is the permittivity, andl is the height Given that for
that melted filaments connecting adjacent grdifEhese CdS, e=5.4x8.854x10 2 F/m (Ref. 7 A=8 nmx8nm
structures showed Coulomb staircase at 80 K temperaturand d=3—10 nm, we estimate thaC=3-10x10 1°F,
Our ZnSe nanostructures are very similar. We do not need tdhus, C+/C=5-20. Therefore, approximately 5-20 dots
apply voltage pulses to melt filaments connecting ZnSeare contacted by the Au contacts. This translates to about one
grains since the amorphous regions are already highly resigq a hundred million dots being contacted!
tive (amorphous semiconductors have a much higher resis- The contacting of such a small fraction of the dots re-
tivity than crystalline semiconductord_ike the structures in  producibly is of course difficult. We have to control the etch-
Ref. 5, our structures can be viewed as a one-dimensionatg of the top surface of alumina in phosphoric acid very
array of tunnel junctions. Such arrays are known to havearefully so as to neither underet@h which case no dot is
interesting single-electron charging properfies. exposed and we cannot measure any detectable cyment
Current—voltage (V) characteristics of both CdS dots overetch(in which case too many dots are exposed and we
and(granulay ZnSe wires were measured using a HP4140Bsee no Coulomb blockajleThe etching must be carried out
meter at room temperature. The CdS dot results are shown &t room temperature in phosphoric adat at very slightly
Fig. 2. The measured resistan@@the quasilinear part of the elevated temperatureso as to keep the etch rate very small
characteristiz exceeds 1Dohms which indicates that only and controllable. If this process can be standardized to the
very fewdots or wires are actually contacted by the contactspoint where it is well controlled and completely repeatable, it
This is expected since the pores are filled to various depths iwill be a significant technological advance since then it will
the electrodeposition process so that only very few of thenessentially obviate the need for nanocontdatsich are dif-
can be exposed at both ends and made to contact the Aicult to make or the need for alignment schemes with na-
pads. nometer scale precision which exist only in very few labora-
The unevenness of pore filling—which is a characteristictories in the world.
feature of electrodeposition—is actually a fortuitous happen-  An interesting feature in the data is that the measured
stance. In fact, it makes the observation of single-electrotblockade voltagev,, of 0.015 V is actually less than the
charging effects possible. The actual contact area of the Atoom-temperature thermal voltage of 0.025 V. Yet, the block-
contacts in our experiments is about 1 irhmm which  ade is quite distinct at room temperatvee cannot measure
means that 18- 10 nanostructures are under the contacts. Ifthe blockade at 77 K because of carrier freeze out which
they all made electrical connection to the contacts, then thenakes the current too low, less than 10 fA, which is below
total capacitance of all these parallel capacitors would haveur equipment sensitivijy In quantum dots, the discreteness
been too large to allow the observation of single-electrorof the energy levels due to quantum confinement aids the
effects at any reasonable temperature, let alone room tenGoulomb blockade, making room-temperature observation
perature. Fortunately, very few nanostructures are contactgabssible. Room-temperature Coulomb blockade has been ob-
(it turns out that one in a hundred million is contacted at bothserved in the past, for example, in metallic clusters-dfnm
ends—see later calculatipmhich keeps the total capaci- diamete® and in molecular clusterd: hence, this is not
tance between the contacts low enough to allow the observaery surprising.
tion of single-electron charging effects. The | -V characteristics of the ZnSe wires are shown in
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According to the orthodox theory of single electronics,
one-dimensional arrays will exhibit the normal Coulomb
staircase due to space correlation of single-electron tunneling
events if the array is inhomogeneouse., the junction
capacitances/resistance are different for different gyam$
Therefore, we are led to conclude that the infrared radiation
somehow promotes this inhomogeneity.

It is well known that single-electron tunneling events are
very sensitive to the electromagnetic environménThe
electromagnetic radiation can significantly effect the tunnel-
ing impedance due to inelastic processes. Thus, it can make
the junction resistances of different junctions markedly dis-
similar thereby promoting inhomogeneity and making the
steps more distinct.

Voltage (V) Another possibility is that infrared absorption causes real

FIG. 4. 1=V characteristic of ZnSe quantum wires, consisting of a one-SPace transfer of electrons from the semiconductor to the
dimensional array of 50 nm grains, measured in infrared radiation. There iSUrrounding alumina Iayér.This not only increases the re-

a distinct Coulomb staircase in addition to the Coulomb blockade. The consjstance of the wires by two orders of magnitide seen by
_ductance of_th_e Wires_ goes dqwn by a factordf00 when illuminated with us in previous experimeﬁt% but it also changes the back-
infrared radiation. This effect is believed to be caused by real space transfer L . .
of electrons from the wires to the surrounding alumisee Ref. & ground charge distribution and hence alters the effective ca-
pacitances between grains. This could also lead to increased

) o ) asymmetry between junctions and make the steps more
Fig. 3. When the characteristics are measured in the dangominent.

(Fig. 3), we observe a Coulomb blockade but no discernible |, conclusion, we have shown the existence of single-

staircase. The blockade voltayg is 0.0375 V and that is  glectron charging effects at room temperature in electro-
equal toNe/2MC whereM is the number of wires contacted chemically synthesized nanostructures. These structures pro-
by the Au contactsN is the number of junctiongone less yjge a convenient vehicle for the study of single electronics

than the number of grainsn series in an average wire, and anq could offer a viable inexpensive platform for device ap-
C is the average junction capacitance between two neighbogjications.

ing grains. The average grain radius approximately 5 nm

(estimated from high resolution TEMnd the separation be- This work was supported by the Office of Naval Re-
tween neighboring grainsis about 1 nm. Using a formula search under Grant No. N00014-01-1-0742. They acknowl-
appropriate for graifs C=er (1+r/2t), we estimate an av- edge fruitful discussions with Alexander Korotkov. The au-
erage junction capacitan€zof 1 aF. The number of graifd  thors are indebted to D. W. Thompson and J. A. Woollam for
in an average wire is 500—1000 nm/5 arh00—200. Using the use of FTIR equipment, and to P. F. Williams for helpful
these values in the expression for the blockade voltage yield®omments.

avalue OfM : 200=400. Thus, Only 200-400 wires are con- !S. Bandyopadhyay and A. E. Miller, idandbook of Advanced Electronic
tagted. This is somewnhat larger than the number of CdS dOt.Sand Photonic Materials and Devicesdited by H. S. NalwgAcademic,
estimated to have been contacted by the Au contacts, but stillsay piego, 2000 Vol. 6, Chap. 1, pp. 1-27 and references therein.

not significantly larger. At first sight, this may appear surpris- N. Kouklin, L. Menon, A. Z. Wong, D. W. Thompson, J. A. Woollam, P. F.
ing since one might think that many more wires should make_Williams, and S. Bandyopadhyay, Appl. Phys. L&®, 4423(200D.

. . . . 3L. Menonet al, J. Electron. Mater29, 510 (2000.
electrical contact with the Au pads, than dots, since the wires,C_ "~ high resolution TEM picture of 10 nm Fe dots, see S. Bandyo-

are much longer. However, in reality, the host film for the paghyay, Physica EAmsterdam 11, 126 (2001. Materials electrodepos-
ZnSe wires is much thicker than the host film for the CdS ited in ~10 nm pores turn out to be single crystal, whereas materials
dots. Therefore, even though the ZnSe “wires” are much _électrodeposited in wide50 nm and longer pores are polycrystalline.

5
longer than the CdS “dots,” only about 10—20 times as many ;%h(azté%%;aryya’ S. K. Saha, and D. Chakravorty, Appl. Phys. Tett.

wires as dots reach the Au contact. 8P, Delsing, inSingle Charge Tunnelingedited by H. Grabert and M. H.
When thel-V characteristics of the ZnSe wires are Devoret(Plenum, New York, 1992 Chap. 7, pp. 249-274.

measured in the presence of infrared radiation generated byg- '\é'- ASnZ;"; SZS;S;CSS"’(‘;,S:&"E'ZC;’;"l‘ng‘gr( 1%%2W"ey' New York, 198).
. . B . {| .
the glowbar of a BOMEM Fourier transform infrar€aTIR) 9R. P. Andreset al. Science273 1690(1996.

equipment, distinct steps are seen in the charactefiBiit ~ °E. s. Soldatov, LANL e-print xxx.lanl.gov/abs cond-mat/9610155.
4). It is tempting to attribute them to phase locking of single-*'J. B. Barner and S. T. Ruggiero, Phys. Rev. L&8, 807 (1987.
electron tunneling'SET) oscillations in a one-dimensional 12K, K. Likharev, N. S. Bakhvalov, G. S. Kazacha, and S. I. Serdyukova,
array'lz but a closer examination reveals that this is not them:\IIE.ESE. g:l?r?\}ahrloa:/grg.s’;ﬁf:z(;gﬁg. K. K. Likharev, and S. I. Serdyukova
case. First, the observed stair edges are periodic in voltage zn. Eksp. Teor. Fiz95, 1010(1985; Sov. Phys. JETRS, 581(1989. '
not current. Second, from the relatior-nef (| =current, 1L s, Kuz(n]‘-lsi)ng,gp. Delsing, T. Claeson, and K. K. Likharev, Phys. Rev. Lett.
—an i _ g N : 62, 2539 :
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