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Enhanced tunneling across nanometer-scale
metal—-semiconductor interfaces
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We have measured electrical transport across epitaxial, nanometer-sized metal—semiconductor
interfaces by contacting CosSislands grown on $111) with the tip of a scanning tunneling
microscope. The conductance per unit area was found to increase with decreasing diode area.
Indeed, the zero-bias conductance was found to~HEY times larger than expected from
downscaling a conventional diode. These observations are explained by a model, which predicts a
narrower barrier for small diodes and, therefore, a greatly increased contribution of tunneling to the
electrical transport. €002 American Institute of Physic§DOI: 10.1063/1.1467980

Electrical transport through metal-semiconductor inter-ments, the SBH will be considered as a given quantity, be-
faces has received tremendous interest in the past decadeause of the well-determined character of the G(&8{111)
both experimentally and theoretically. Nevertheless, an iminterface. We do not expect that ultra-small-size effects as
portant shortcoming of existing models is the restriction toreported in Ref. 10 play a role here, due to the semi-infinite
infinitely extending interfaces, so that all parameters varyextension of the semiconductor in our experiment. The focus
only in the direction perpendicular to the surface. When thewill be on the size and shape of the space-charge region in
interface size enters the nanoscale regime, many of theshe semiconductor. The resulting band bending gives, in gen-
models cease to apply. Only a few experiments addressingral, rise to a potential barrier in the semiconductor, the
this topic have been reported. In none of them epitaxial inshape of which is very important as it determines the con-
terfaces were used. Scanning tunneling spectros¢spy ductance due to the various transport mechanigg, ther-
of metallic clusters on a semiconductor surface has beemionic emission and tunnelingcross the interface.
used to study small metal—semiconductor contattsaddi- In a large diodgan infinite metal-semiconductor inter-
tion, experiments have been carried out in which the tip of gace) the extent of the space-charge layer in the semiconduc-
scanning tunneling microscog8TM) was used to contact a tor that compensates the surface charge in the metal is set by
semiconductor surfaé or a metallic cluster on a semicon- the concentration of free carriers and doping atoms. The
ductor surfacéto form a small Schottky contact. Various width of this space-charge layéand, thus, the thickness of
deviations from the large-diode models were revealed, e.gthe barriey is, therefore, generally proportional tbp

enhanced conductance, which was interpreted as a lower ef:,/ek'r/[eZ(nJr p)], wheren and p are the free-electron
fective barrier. Besides the work that addresses a single smalhd -hole concentrations, respectively.

diode directly, measurements have been carried out on many For diodes of finite size, the barrier can be much nar-
small diodes in parall€t® rower. This is because any charged objéetre, the metallic

In this letter, we present measurements of electricakide of the interfacewith effective sizea at potentialV,
transport through an epitaxial, nanometer-sized metalwith respect to infinity gives rise to a potential that drops as
semiconductor interface. We argue that the observations cap~\/(a/r) when the distance=a. Therefore, the barrier
be explained by a simple model for the Schottky barrierthickness will be at most a few times even in the absence
thickness in metal-semiconductor interfaces smaller than th@f free Charge Carriers_ If them‘e free Carriers they can On|y
free-carrier screening lengtidebye lengthLp). Our model  make this barrier narrower—in the same way as with the
predicts an interface-size-dependent barrier thickness, leaghrge diode—by depletion or accumulation close to the inter-
ing to greatly enhanced tunneling in small Schottky diodesface. If, however, the interface size is much smaller thgn

The CoS}/Si(111) interface used in our experiments isthjs additional screening can be completely neglected. In the
among the few metal—semiconductor interfaces of which reremainder of this letter, we use the terms “large” and

liable Schottky barrier heighSBH) values exist, mainly be-  «sma|l” for diodes of which the interface size is larger or
cause it can be grown as a virtually perfect, abrupt, epitaxiakmajler tharlp,, respectively. The crossover to this new re-
interface: The SBH in this system is 0.67 el¥or n-type S)  gime of small diodes is visualized in Fig. 1, with parameters
and has been measured with various techniqtiest is,  gimilar to those in the experiments. Figure 1 is based on
therefore, a nearly ideal system to study electrical propertie§merical solutions of the Poisson equation in silicon for

of metal—semiconductor interfaces and has been intensely,ioys interface diameters. The main consequence for elec-

used for that purpose. _ _ trical transport is that the narrow barrier in small diodes can
Both in our model and in the analysis of the measuréake tunneling the dominant transport mechanigmstead

of thermionic emissioneven at very low doping levels.

dElectronic mail: g.d.j.smit@tnw.tudelft.nl Note that our description of small diodes has some simi-
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ﬁ d| n-type doped with resistivities of 10 and 0.01cm, respec-
€ € tively. After preparation, the surface was inspected with a

STM. ThelV measurements were doit@t room tempera-

.
b | ture) by positioning the STM tip over an island and lowering
C 4 it by a distanceAz, sufficient to make contact to the island
(with feedback loop switched off Then, the current was
c

measured while ramping the voltage. The valueAaf was

200 nm determined by lowering the tip at a fixed bias and measuring
— the current. After the expected, initial exponential increase,
' ' the current reached a constant, maximum value when it was
FIG. 1. Dashed lines indicate the edge of the depletion region for variouowered by~9 A. To ensure good contact, in dV/ mea-
disk-shaped contacfsadii ranging from 100 nn{a) to infinite (e)], taken surementsvz= 15 A was used.

from a numerical solution of the Poisson equation at 300 K. It clearly shows . . . .
the size dependence of the depletion width for contact radii smaller than a ThelV measurements did hardly deteriorate the imaging
few timesLp, (which is 150 nm hete The left-hand vertical axis is an axis quality of the STM tip[Fig. 2(a), insef and showed excellent
of rotational symmetry. The SBH is 0.67 eV. reproducibility when repeated on the same island. The ad-
vantage of this type of measuremefais compared to the
larity to that of SBH inhomogeneities in large diodes as anausual ST$ is that the measurements are not dominated by
lyzed by Tung'! There, the effect of small patches with the properties of the vacuum gap, but instead it is possible to
lower SBH on the space-charge region is found to extend fodirectly probe the properties of the buried metal—
only a few times the size of these patches. semiconductor interface. The electrochemically etched tung-
All experiments were performed in an UHV system with sten STM tips were prepared to be contaminant and oxide-
a base pressure of610 1! mbar. About 0.3 ML of Co at- free byin situ annealing and self-sputtering with Ne. Since
oms were evaporated onto a cleanX 7-reconstructed both CoSj and the tip are metallic, no barrier at the tip—
Si(111) surface which was held at room temperature. Thenisland interface is expected. Furthermore, the resistance of
the sample was subsequently annealed at 500 and 800 °€e backcontact on the sample was measured to be at most a
both for about 5 min, so that hexagon-shaped epitaxial £oSifew k(). Therefore, we can be sure that we are really probing
islands were formedFig. 2(a), insef.'? The height of the the properties of the island—substrate interface.
islands ranged from 2 to 4 nigwith respect to the silicon From our measurements we learned that the nature of the
surface, while the diameters were in the range 15-30 nm.surface reconstructiofSi 7X7 or Co-induced X 1) sur-
The interisland distances were much larger than the islangbunding the islands greatly influenced the acquit&t
diameters. Next, the Si-surface reconstruction was destroyeslirves, presumably because of surface conduttionenvi-
by exposing the surface to atomic hydrogen for 10 min,onmental Fermi-level pinning resulting in additional band
while the surface was held at 400 °C. The samples used weksending. For this reason the surface reconstruction was first
destroyed by exposing it to atomic hydrogen, as described

n-type Si, p =5 Qcm

3 before. This procedure always led to a decreased conduc-
4 ____28 2:2 tance, apparently cutting off a surface-related transport chan-
2[==mmm- 550 nm?2 nel. _ . S _
1 e diodes Although the size of our islands is limited to approxi-
S oA - mately 15-30 nn{due to the used growth mogeboth the
~ = small- and large-diode regimes can be addressed by varying
24 4 ,,"' the doping level. Indeed, on the IDcm substrate, where the
I / doping level predicts a screening length-efl um, we are
V) / far into the small-diode regime. On the 0.0Mcm substrate
0.08 4 [——270 nm2 (screening length~10 nm we are just at the other side of
||——==420 nm2 the crossover.
& 0.04[===== 810 nm? It turned out to be impossible to fit oul data of the
g small" diodes small diodes to the standard diode equatier expEeWVkT)
E‘/ 0.00 — 4:; —1], even at small bias. This is a first hint that the dominant
= | o e 2 | forward ‘v’faﬁ.]é' transport process is not thermionic emission, here. A further
0044~ & == clear indication of the special behavior of small diodes is the
0 much higher conductance than expected from downscaling a
R [0) ™ Sample bias (V) conventional diode. The inset of Fig( shows a typical vV
’ T E * T % : ¢
0.2 -0.1 0.0 0.1 02 curve acquired on a small diod&0 Q) cm substrate The
Sample bias (V) specific contact resistan&, (the zero-bias differential resis-

FIG. 2. () MeasuredV curves for various island sizes on the 0Qktm tance multiplied by the island argor this measurement is
substrate. The zero-bias conductance is positively correlated to the islandiX 102 Q cm?, which is ~10* times lower than for con-
size. The inset shows a differential STM image of a typical island afteryentional diodes with a barrier height of 0.67 ¥\ Ccon-
_severally measurementsb) Measured average‘curredEnsnyfor various sidering the facts that in a conventional diode on a&l1€m
island sizes on the 10 cm substrate. Smaller islands have larger current . L .
densities due to the narrower barrier. The inset shows thé\uurve for ~ Substratedy,/Jy (ratio of thermionic and tunnel currenis

the 810 nrA island. expected to be- 10 (Ref. 16 and thatly, is independent of
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the barrier thickness, the total current increase requires atoncentration, which can be useful in making tunnel con-
increase of the tunnel current by a striking factor-o10'. tacts.

Such a large increase can reasonably well be explained by a . , .
considerably reduced barrier thickness. Besides, pure thermi- "€ authors wish to thank J. Caro for detailed discus-
onic emission would lead to a saturation current at positive>!ONS concerning this work and W. J. Eijsenga and W. Crans

sample bias of approximatelyx110~7 nA for this SBH for granting them access to their “Avant! Medici” device

while the observed current was much larger. This also indiSimulation software. One of the authdS.R) wishes to ac-

cates the presence of an important, additional conductioknowledge fellowship support from the Royal Netherlands
path. Note that it is not necessary to assuntewer SBH to ~ Academy of Arts and Sciences.
explain our data.

To further test our hypothesis, the dependence of the
(small-biag conductance on the island area was measured'D. Carroll, M. Wagner, M. Rhle, and D. Bonnell, Phys. Rev. B, 9792
The large diode$0.01 ) cm substratebehaved as expected: 21(319:/211 fis, 1\W. Lyo, and Y. Hasegawa, J. Vac. Sci. Technol1A1725
the barrier thickness is fixed byp, so that a larger diode (1993, = ' T
area leads straightforwardly to a larger conductdsee Fig.  3R. Hasunuma, T. Komeda, and H. Tokumoto, Appl. Surf. $80-132 84
2(a)]. The observed scaling is not linear, which is presum-4(l998- _ .
ably due to the contribution of the edges, which are not in- (Hl'g'ggsega""a' T. Sato, and C. Kaneshiro, J. Vac. Sci. Technbr, 8856
cluded in our simple model. The measurements in F) 2 55 poniach, K. Chin, I. Lindau, and W. Spicer, Phys. Rev. Ls8. 591
show that in small diodes the conductames unit areade- (1987.
creases with increasing diode area. This is fully consistentW: Yang, F. Jedema, H. Ade, and R. Nemanich, Thin Solid FB08-309

- - ; ; . 627 (1997.
with our model, which predicts a thicker barrier for larger ;2 Tung, Mater. Chem. Phy82, 107 (1992.

interfaces. 8W. Kaiser, M. Hecht, R. Fathauer, L. Bell, E. Lee, and L. Davis, Phys.
Finally, we want to mention the behavior of small diodes Rev. B44, 6546(1992.

at large bias. In conventional diodes, the current saturates at- von Kanel, T. Meyer, and M. Klemenc, J. Electron Spectrosc. Relat.

reverse bias. At forwarq t,’ias' after the_initia|,eXponentialloshig?Qn%gg, 1R97I?E§1?r?eott A. Scherbakov, and P. Avouris, Phys. Rev. Lett.

increase, the current is limited by the serial resistance of the gs 1958(2000.

bulk semiconductor. In small diodes, the situation is com-"R. Tung, Phys. Rev. B5, 13509(1992.

pletely different, so that it might even reverse the expecteéz't must be mentioned that the CgSslands growinto the substrate. How-

. - . . ever, the three occurring Co®i(100)-facets[see B. lige, Ph.D. thesis,
diode operatior{see Fig. ), inset, where the current at Delft University of Technology(2000] do have the same SBH as the

forward (negative) bias is Sma”er_ than at reverse _tjié%We _ CoSb/Si(11)) interfacegsee S. Zhu, R. van Meirhaehge, C. Detavernier,
found that the observed behavior can be explained qualita-r. cardon, G.-P. Ru, X.-P. Qu, and B.-Z. Lee, Solid-State Electt4r663
tively by considering the small diode as a ballistic point con-13(2000, and R. Tung, J. Vac. Sci. Technol. B 465 (1984)].
tact and, furthermore, by taking into account Fowler— ég‘;gsegawav I-W. Lyo, and P. Avouris, Appl. Surf. S867-358 32
Nordhelm tunnelmg from the diode’s edges at posmveus Sze,Physics of Semiconductor Devicegnd ed.(Wiley, New York,
sample bias. 1981).
In conclusion, we have measured electrical transport®s. Zhu, R. van Meirhaehge, C. Detavernier, F. Cardon, G.-P. Ru, X.-P. Qu,

through epitaxial nanometer-scale metal—semiconductor in;2"d B-Z. Li, Solid-State Electrom4, 663 (2000.

" h th b d hiah bi ducti dC. Chang and S. Sze, Solid-State Electrb.727(1970.
terfaces. Both the observe ) Igh zero- _'as con uc_tlon andyt has been reported that a significant amount of acceptor-like impurities
the dependence of the zero-bias conduction on the diode are&an be incorporated in the top layer of the substrate during sample flashing
support our model for the extent of the space-charge region at 1200° C in UHV[see M. Liehr, M. Renier, R. Wachnik, and G. Scilla,

for interface sizes smaller than the free-carrier screening - APP!: Phys61, 4619(1987), effectively reversing the doping ftype
in (initially ) n-type low-doped samples. Nevertheless, the concentration of

length. This .pher-lomenon. provide; a way '[.0 tune _the these possibl@-type dopants is expected to be so low that it does not
Schottky barrier thickness lithographically for a fixed doping affect our main arguments.
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