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Fabrication of lateral single-electron tunneling structures
by field-induced manipulation of Ag nanoclusters on a silicon surface

Kang-Ho Park,® Mincheol Shin, Jeong Sook Ha, Wan Soo Yun, and Young-Jo Ko
Telecommunications Basic Research Laboratories, ETRI, Yusong P.O. Box 106, Taejon 305-600,
Republic of Korea

(Received 12 January 1999; accepted for publication 13 May)1999

Nanostructures composed of Ag clusters on an Sb-terminated Si surface were designed in a highly
controlled manner and the electric conduction through Ag nanoclusters to the silicon substrate was
investigated by using a scanning tunneling microscopy/spectroscopy. It was found that the lateral
conduction between neighboring Ag clusters significantly contributed to the tunneling current—
voltage characteristics, and the metallic single-electron tunneling structures employing the lateral
conduction channels at room temperature can be fabricated via a field-induced manipulation of Ag
clusters. ©1999 American Institute of PhysidsS0003-695(99)04627-6

The metal nanoclusters formed on semiconductor surfabricate any kinds of surface structures composed of metal
faces have been intensively investigated in terms of thelusters to realize various kinds of single electron devices
nanoscale Schottky barrier formatfoRand the onset of me- operating at room temperature.
tallicity with a variation of cluster siz&> Very recently, Cleanp-type S(100) with a resistivity of 1) cm was
there have been several reports on the measurements @lftained via repeated flashing at 1200 °C. After preparation
single-electron phenomena in metal nanoclusters formed oof an Sb-terminated §i00) surface, Ag was deposited on
silicon surfaces by using a scanning tunneling microscopythe surface at room temperature for the formation of densely
spectroscopySTM/STS.%” Those observations are very in- populated Ag nanoclusters. The details of the sample prepa-
teresting because no one observed Coulomb blockade amgtion method are described elsewh&fighe STM measure-
staircase phenomena in metal—insulator—metal—semicoments were performed under the pressure~dfx 10 °
ductor(MIMS) structures before. Radojkovit al® reported  Torr employing electrochemically etched W tips. In the con-
that field-evaporated Au clusters on hydrogen-passivategtant current imaging at 0.5 nA, the sample bias voltage was
silicon surfaces revealed Coulomb staircases at room tenset to be 2.5 V. At a nominal coverage of 2.0 A, which was
perature in their tunneling current—voltage-§/) measure- estimated by a crystal thickness monitor, the sizes of Ag
ments. clusters were 3—6 nm in diameter and 0.5—-1.4 nm in height.

We have also found that ultrasmall Ag clusters grown onThe average spacing between islands was estimated-+@be
Sb-terminated $100) surfaces showed clear Coulomb A at this coveragé.The lateral size of Ag clusters could be
blockade and staircases at room temperature in the regiasverestimated due to the apparent broadening by the tip con-
where Ag clusters were densely populatedowever, we  volution effect, and accordingly the spacing between clusters
could not observe Coulomb staircases in dilutely distributectould be underestimated. All STM/STS measurements were
regiong® in contrast to the case of Radojkovit al, and  performed at room temperature.
found that the tunneling—V characteristics showing Cou- Most of the densely populated Ag clusters shown in Fig.
lomb staircases could be well fitted by the metallic doublel(a) revealed metallic conduction behavior with nonzero cur-
tunnel junction model. In order to investigate why single rent both at+0 and—0 V at room temperatur¢See the bold
electron tunneling(SET) phenomena were seen only in line in Fig. 1(e).] Among Ag clusters, however, there were a
densely populated regions and which electric conductiofew such as cluster&” in Fig. 1(a), showing a reproducible
channels majorly contribute to the Coulomb blockade and —V curve of SET at room temperature, as reported edrfier.
staircases in our structures, we selectively manipulated Ag’he tunnelingl -V curve for clustera shown in Fig. 1e)
clusters by using a field-induced manipulation methadd  reveals a Coulomb gap and weak staircases, which are more
measured the local tunneling-V characteristics of artifi- clearly visible in the differential conductancel{dV) curve.
cially fabricated Ag cluster structures. From the measure- In order to identify the conduction channel giving rise to
ment of various structures, we found that lateral tunnelinghe Coulomb blockade and staircases at clusiewe re-
between adjacent clusters is very important and dominantlynoved surrounding Ag clusters as shown in Figb)1 A
contributes to the occurrence of the SET phenomena. Fusmall Coulomb gap and a weak extra feature, most likely
thermore, we fabricated a double tunnel-junction structurestaircases, were still visible in tHe-V curve of clusteia, as
showing clear Coulomb blockade and staircases at roorshown in the curved’) in Fig. 1(f). On the other hand, for
temperature through the lateral electric conduction. This diswell separated Ag clusterin Fig. 1(c), which was fabricated
covery is important with a point of view such that we can by removing the clusters¢” and “d” [see Fig. 1b)], the
tunneling current was suppressed at low bias region, and the
9To whom correspondence should be addressed; electronic mailV€@K staircase feature also vanished, as shown in the curve

pkh@idea.etri.re.kr (@"”). In addition, the tunneling current was highly sup-
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FIG. 1. (a) Densely populated Ag clusters grown on Sb-terminated Si sur- Sample Bias (V)

face at a coverage of 2.0 Ab) Linearly chained Ag clustera, b, ¢, andd
fabricated by the field-induced manipulation meth(@.Isolated clusters
andb after the removal of andd clusters in(b). (d) Completely isolated Ag
clusterf on a bare Sb-terminated($00). (e) Typical metallicl -V charac-
teristics(bold line) on Ag clusters at a coverage of 2.0(8ffset upward for
clarity), the Coulomb gap and weak staircdseV curve (thin line) and
conductancegthin line) measured on clustex in (a). (f) Tunneling -V
curves on clustea in (b) (a’, solid line and (c) (a”, dotted ling. (g)
Tunnelingl -V curve on clustef in (d).

FIG. 2. (a) Perspective view of the STM image of an artificially fabricated
double junction single-electron tunneling structure, the ratio between lateral
and vertical scale in the image is set to be dbgCoulomb staircasebold

lines) with variation of tip heights on clustey in (a), the thin lines denote

the least-squares-fitted curves. The fitting parameters of akiosiew)
curve are C;=2.13(2.51x10°** F, C,=4.81(1.04x10 ®° F, (Ry)o
=8.07(4.06)x10° Q, (Ry)o=4.48x10° Q(1.70x10°Q), Qu=-0.22
(—0.10)e, @=3.25(5.15) (index of nonlinearity, see the Ref.),7T
=300 K. The curves are offset for clarity.

pressed at negative sample bias in the case of an isolated

cluster. The twd -V curves @',a") in Fig. 1(f) were ob-
tained at nearly the same tip positions on Ag clusteuch
that any position-dependent effect in theV measurement

for example ‘a”b~c™d,” plays an important role on the
tunnelingl —V characteristics of the Ag cluster.
The semiconducting gap of a separated Ag cluster with

should be excluded. This behavior indicates that the laterahe field-induced desorption is not clearly resolved as shown
conduction from a particular Ag dot to its adjacent Ag dots,in Fig. 1(f) compared to either those in the Ag film of low
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coverage(0.4 A).2 or those in the completely isolated Ag the voltage dependent tunneling resistance and nonlinear fit-
cluster deposited on a bare Sb-terminated ®)) surface as ting parametera due to thermionic emission between Ag
shown in Fig. 1d). The tunneling —V curve in Fig. 1g) was  clusters or Fowler—Nordheim tunnelidglhe fittedC, and
obtained in the measurement on clustér ih Fig. 1(d). The  C, values were in good agreement with the geometrically
lack of evident semiconducting gap character in the Ag clusestimatedC; (~2x10 °F)* and C, (~3x10 2°F)®®
ter in Fig. c) compared to that in Fig.(d) is attributed to  values, respectively. The Schottky junction capacita@ge
the current leakage through the space charge region of silby the formation of the metal-semiconductor junction be-
con to nearby densely distributed metallic cluster regions, atveen the central Ag cluster and the silicon substrate was
well as due to the tunneling current through residues of Agestimated to be much smaller th&i, because the total
clusters such as clusterin Fig. 1(b). capacitance of dot-to-substrate should be the su@;cdnd
We can thus deduce that the lateral electric conductiorlC,. In our simplified model, the thermionic emission of
from one cluster to the proximate one is very important inholes through the Schottky junction of Ag/& type) was
the tunnelingl —V measurements on Ag clusters. The lateralnot included, which should be a dominant conduction path in
tunneling through the space charge region seems to hie case of the isolated cluster.
dominant because(i) the barrier is much lower than the Field-induced manipulation and the systematic analysis
tunneling barrier through vacuutfl,and (i) barrier poten-  of tunneling |-V characteristics suggested that the lateral
tials are smooth and continuous in semiconductbighere-  tunneling between adjacent clusters should be a major con-
fore we can fabricate single electron tunneling structuresribution to the conduction which enables the Coulomb stair-
consisting of Ag nanoclusters via such a lateral tunnelingcases in the tunneling-V measurements. This result can be
channel at room temperature. further utilized for the construction of nanoscale single-
Figure 2 shows clear Coulomb staircases measured on aectron devices composed of lateral conduction channels,
artificially constructed double tunnel junction structure atwhich operate at room temperature especially under the con-
room temperature. First, we removed Ag clusters surrounddition of highly suppressed thermionic emission between the
ing the cluster ‘§” indicated by the arrow except cluster cluster and substrate.

“ h” which mediates tunneling conduction to dense metallic ]

regions as shown in Fig(8). Next, we performed locdl-V ~ The authors wish to thank Professor Y. K(8N.U) for

measurements on the clusgby varying the tip-to-dot pa- his helpful comments and discussion. This work has been

rameters such as the tip-to-dot distance. The two curveSUPported by the Ministry of Information and Communica-

(bold lineg in Fig. 2b) were obtained with variation of tip tlons, Korea.

heights, yielding the change of Coulomb staircases depend-

ing on the junction parameters in-V characteristics. The 1(Rl-9|él$deke, T.-C. Chiang, and T. Miller, J. Vac. Sci. Technol1B581

upper one reveals a much Clearer, Coulomb _Stalrcas,es COm_R. M. .Feenstra and P. M@nsson, Phys. Rev. Lefi1, 447 (1988.

pared to the lower one, where the tip-cluster distance is aboutp. . carroll, M. Wagner, M. Ruhle, and D. A. Bonnell, Phys. RevsB

1 A smaller than that of the lower one. The simplified double 49792(1.997). _ _
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clusterh are assigned as the junction electrode 1, which isép. Radojkovic, M. Schwartzkopff, M. Enachescu, E. Stefanov, E. Hart-

coupled to dotg. The STM tip, which is assigned as the ,mann, and F. Koch, J. Vac. Sci. Technol1B, 1229(1996.

junction electrode 2, is also coupled to clusterThe | -V gh;'s Fért't"?i- iiggi'l\é\gns' Yun, M. Shin, K. Park, and E.-H. Lee, Appl.

characterlsu_cs on clustdr in Fig. 2@ showe.d a metallic s, 3y Park, Js Ha, W. S. Yun, and E.-H. Lee, Surf. SE5 320

character without Coulomb blockade or staircases at room (1998.

temperature, revealing that clustewas directly connected °K.-H. Park, J. S. Ha, W. S. Yun, and E.-H. Lee, J. Vac. Sci. Techngh A

il i ; press.
to the silicon substrate via conductively connected densQ)H. H. Weitering, J. P. Sullivan, R. J. Carolissen, R. Perez-Sandoz, W. R.

Clusters. N Graham, and R. T. Tung, J. Appl. Phy9, 7820(1996.

From the least squares fitting of the tWeV curves by  's. M. SzePhysics of Semiconductor Device¥iley, New York, 198).
using the metallic double-tunnel-junction mod%f-} the 12!:). V. Averin and K. K. Likharev,Mesoscopic Phenomena in Soli@si-
junction capacitancé:l is estimated to be 2.12310°1° and ited by B. L. Altshuler, P. A. Lee, and R. A. Welihlorth—Holland, New

_ ’ . York, 1991, Chap. 6.
19

2.51x10 F for _the upper and |9wer ones, respectively, 13y Amman, R. Wilkins, E. Ben-Jacob, P. D. Maker, and R. C. Jaklevic,
and another junction capacitan€g is estimated to be 4.81  Phys. Rev. B43, 1146(1991.
%102 and 1.0410" 2 F, respectively. We have assigned 4By using -the parallel plate approximatiorC€ eye,A/d), t_aking €
the junction 1 and 2 as dot-to-substrate and tip-to-dot junc- =119 (silicon), A=(m/2)x6 Ax11A, d=5A from the size of the
tion. respectively. becaus®, was nearly independent of ti smaller clusterg and the spacing distance, where we assumed that the

! P Y 1 y p p silicon was inserted between Ag clustgraindh as a crude approxima-
height, wherea€, andR, were found to sensitively depend tion, sincee, (Si)> ¢, (vacuum).

on it. In order to fit the nonlinear—V curves, we introduced Taking ¢,=1(vacuum),A=7Xx11Ax11A, and assuming=10A.
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