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Abstract

We review current research on the electronic properties of nanoscale metallic

islands and clusters deposited on semiconductor substrates. Reported re-

sults for a number of nanoscale metal-semiconductor systems are summa-

rized in terms of their fabrication and characterization. In addition to the

issues faced in large-area metal-semiconductor systems, nano-systems present

unique challenges in both the realization of well-controlled interfaces at the

nanoscale and the ability to adequately characterize their electrical proper-

ties. Imaging by scanning tunneling microscopy as well as electrical charac-

terization by current-voltage spectroscopy enable the study of the electrical

properties of nanoclusters/semiconductor systems at the nanoscale. As an

example of the low-resistance interfaces that can be realized, low-resistance

nanocontacts consisting of metal nanoclusters deposited on specially designed

ohmic contact structures are described. To illustrate a possible path to em-

ploying metal/semiconductor nanostructures in nanoelectronic applications,

we also describe the fabrication and performance of uniform 2-D arrays of

such metallic clusters on semiconductor substrates. Using self-assembly tech-

niques involving conjugated organic tether molecules, arrays of nanoclusters

have been formed in both unpatterned and patterned regions on semiconduc-

tor surfaces. Imaging and electrical characterization via scanning tunneling

microscopy/spectroscopy indicate that high quality local ordering has been

achieved within the arrays and that the clusters are electronically coupled

to the semiconductor substrate via the low-resistance metal/semiconductor

interface.
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INTRODUCTION

With further downscaling of semiconductor devices, there will be a transition from the

present fabrication technology at the micrometer length scale to a new technology at the

nanometer length scale. Successfull nanofabrication protocols will require a clear under-

standing of physical properties of nanometer scale systems (Nalwa, 2000).

The ability to easily fabricate nanometer scale structures is an essential ingredient for

further advances in nanotechnology. Direct use of conventional lithographic techniques such

as electron beam lithography (Johnson et al., 1998) or scanning probe microscope-related

nanolithography (Dai et al., 1998; Hong et al., 1999) become slow when used to de�ne

nanoscale features. Recently self-assembly techniques have attracted interest for nanoscale

device applications because these techniques o�er the potential to fabricate nanoscale ele-

ments such as quantum dots and electronic device con�gurations of these nanoscale elements

without direct use of conventional lithographic techniques. A number of self-assembly tech-

niques have been reported for fabricating nanoscale structures of clusters, quantum dots,

and wires (Murray et al., 1995; Andres et al., 1996b; Korgel et al., 1998; Chung et al.,

1998; Brune et al., 1998; Kiely et al., 1998; Fan et al., 1999). A recurring theme in these

self-assembly protocols is their use of pre-formed nanoscale metallic clusters.

In what follows, we review recent studies of nanoscale metallic clusters deposited on semi-

conductor substrates with a view toward future nanoelectronic applications. At present, it

is di�cult to predict in any great detail what ultimate electronic functionality will be gained

using nanoparticles. The near future will almost certainly exploit the small size and regular

geometric shape of nanoscale crystalline clusters in prototype designs of simple electronic

circuits similar to those used in current practice. As discussed below, functionalities like

non-linear I � V characteristics and nanoscale ohmic contact have already been demon-

strated for vertical electron transport between a metal nanoparticle and a semiconductor

substrate.

In the longer term, the deposition of cluster networks on active semiconductor surfaces
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to provide a periodic lateral modulation of the electronic properties of the underlying sub-

strate seems promising. Patterning achieved via self-assembly of the clusters could either be

transferred into the substrate via selective eching using the clusters as an etch mask or could

be induced by electronic interactions at the cluster-substrate interface. The ability to func-

tionalize a cluster network with linking molecules of choice adds a low-cost design 
exibility

that seems attractive. Tailoring the lateral electron transport in a cluster network, placed

between two or more contact pads as well as the vertical electron transport into a semi-

conducting substrate can be exploited in advanced computational, biological, or chemical

sensing applications. Scenarios for attaining useful electronic functionality in cluster-based

`devices' have already been proposed (Roychodhury et al., 1996; Bandyopadhyay et al., 1996;

Datta et al., 1998; Snow et al., 1998; Wohltjen et al., 1998)

Within this context, semiconductor substrates are of particular interest because at this

time they seem to provide the most direct path to useful electronic functionality. Published

work falls into three general categories which include single electron tunneling (SET) devices,

nanoscale Schottky barriers and nanoscale ohmic contacts. Almost all of the published work

relies heavily on scanning probe microscopy. A further important issue is related to the

accurate positioning of metallic clusters on semiconductors. While a variety of studies

have discussed some of the recent work which o�ers promise in this area and have shown

the potential of pushing and locating clusters with scanning probe tips, few studies have

been reported which o�er a global solution to the important problem of accurate cluster

positioning. In what follows, we will discuss some very recent work which o�ers promise in

this area.

We have attempted to accurately survey the literature and summarize interesting work

involving metallic nanoclusters on semiconductors through 1999. We apologize in advance

if any work has been inadvertently overlooked in the review that follows.
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NANOCLUSTER SYNTHESIS AND DEPOSITION

Nanocluster synthesis and deposition on semiconductors follow a wide range of proto-

cols. Studies have been reported in which submonolayer coverage of metal adatoms have

been evaporated onto various substrates and allowed to coalesce into small nanometer-size

islands, scanning probe tips have been pulsed to cause a deposition of small numbers of

atoms in localized regions, clusters have been deposited from colloids, or by electrochemical

processes. Table 1 summarizes various fabrication techniques of nanoscale metallic islands

on semiconductor substrates.

Many of these techniques produce small, nanometer-size deposits that are often called

`nanoclusters', but the structure of the `nanocluster' and the nature of its interface to the

semiconductor surface is often not well de�ned or characterized. With this view in mind, it

seems clear that the ability to fabricate well-controlled geometry (i.e. crystalline) metallic

clusters is highly desirable. Metal clusters in the size range from 1-10 nm in diameter are

known to be equiaxed and can be synthesized as well-faceted single crystals.

Aerosol Synthesis of Au Nanoclusters

One proven approach to the fabrication of crystalline nanoclusters of controlled size

is using an aerosol reactor. For example, nanometer size single crystal Au clusters with

controlled diameters (ranging from � 2 nm to � 20 nm) have been synthesized using an

aerosol reactor known as a Multiple Expansion Cluster Source (MECS). A schematic of the

MECS is shown in Fig. 1.

In the MECS, bare Au clusters are nucleated, grown, and annealed in an inert gas (helium

or argon) at reduced pressures. After gas phase annealing each cluster is an fcc crystal in

the shape of a truncated octahedron. The bare Au clusters are encapsulated and protected

from agglomeration by spraying a surfactant, e.g. dodecanethiol [CH3(CH2)11SH, denoted

as DDT] solution into the aerosol 
ow downstream of the MECS. Detailed descriptions of

the MECS can be found elsewhere (Bowles et al., 1981; Choi et al., 1987; Chao et al., 1994).
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The DDT encapsulated Au nanoclusters are soluble and form stable colloidal solutions

in many nonpolar organic solvents, such as hexane, heptane, chloroform, mesitylene, etc.

These encapsulated Au nanoclusters behave like simple chemical compounds; they can be

precipitated, re-dissolved, and chromatographically separated without any apparent damage

(Brust et al., 1994; Whetten et al., 1995). Compared to various liquid phase synthesis

methods, this aerosol synthesis has the following advantages: (i) the clusters are synthesized

and annealed at very high temperatures so that each cluster is a well-faceted fcc single

crystal; (ii) the clusters are charge neutral, which eliminates potential o�set charge problems;

(iii) both bare and encapsulated nanoclusters can be obtained, enabling studies on the e�ects

of encapsulation on the crystal structure and other properties of the nanoclusters; (iv) the

encapsulant can be displaced by other organic molecules in order to control the structural

and electronic properties of the cluster networks (Andres et al., 1996b).

SEMICONDUCTOR SUBSTRATES

Only a few semiconductor substrates have been chosen to support nanoclusters. These

substrates include Si, native oxide (SiO2) on Si, GaAs, and InP. Since semiconductor sub-

strates can provide device functionality and circuitry, the electronic integration of nanoclus-

ters with various semiconductor device structures is of particular interest.

Substrate Considerations

Semiconductor substrates should be 
at enough at the nanometer scale for the experi-

mental characterization of deposited metallic nanoclusters. A rough substrate surface having

average roughness comparable to the dimension of the nanoclusters will cause di�culty in

distinguishing clusters from features of substrate itself.

Chemical stability of semiconductor surfaces (e.g. resistance to oxidation upon air ex-

posure) can be an important bene�t in the case when ex-situ processing of deposited nan-

oclusters is required. Semiconductor materials such as Si and GaAs are known to oxidize
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quickly when exposed to air, resulting in an electrical insulating layer and a non-uniform,

rough surface. Cleaving substrates in-situ is one solution to this problem (First et al., 1989;

Jiang et al., 1999). Another approach is to intentionally passivate semiconductor surfaces

to prevent oxidation and non-uniformity (Lee et al., 1999).

Low Temperature Grown GaAs

Surface modi�cation of semiconductor substrates can produce desirable properties for

nanocluster research. For instance, a layer of low-temperature grown GaAs (LTG:GaAs)

(Melloch et al., 1995) has been found to have a number of useful properties that make it

a promising candidate for the study of deposited metallic nanoclusters. LTG:GaAs shows

many interesting electronic properties that have been attributed to the � 1-2 % excess

arsenic incorporated during growth. For as-grown material, the excess arsenic results in a

high concentration (� 1 � 1020 cm�3) of point defects, primarily as arsenic antisite defects

(Melloch et al., 1995). A noteworthy consequence of these antisite defects is the introduction

of a band of states located in the GaAs bandgap. These states prevent the GaAs surface

from rapidly oxidizing due to the relatively low concentration of minority carrier holes in the

surface layer arising from the small minority carrier lifetime in LTG:GaAs material (Hong

et al., 1996; Ng et al., 1996). Therefore, LTG:GaAs material can be a proper material for

nanometer scale device applications since the rapid oxidizing on Si and GaAs causes non-

uniform electric contacts. Fig. 2 is a model structure of LTG:GaAs indicating an arsenic

antisite defect (AsGa).

EXPERIMENTAL CHARACTERIZATION

Any tool to successfully characterize a nanoscale system requires both a direct imaging

capability coupled with a nanometer scale characterization capability. High resolution mi-

croscopic techniques, such as scanning electron microscopy (SEM), transmission electron mi-

croscopy (TEM), scanning tunneling microscopy (STM) and atomic force microscopy (AFM)

7



can be used to obtain direct images of the material surface at the nanometer scale. Other

surface analytical techniques, such as X-ray photoemission spectroscopy (XPS), ultravio-

let photoemission spectroscopy (UPS), X-ray di�raction and low-energy electron di�raction

(LEED) can only provide spatially averaged information. Among these techniques, however,

only STM and STM-based spectroscopic techniques can provide a proper experimental tool

for both imaging and characterization.

STM was invented in early 1980's by Binnig and Rohrer and is a powerful technique to

image the real space of a surface structure (Binnig et al., 1982). STM and STM-related

techniques are now widely used in the areas of physics, chemistry, material science, and bi-

ology. In earlier times, the main application of STM was to image the surface of a material.

Nowadays, STM and STM spectroscopic techniques enable the study of electrical proper-

ties of nanoscale elements. STM has also been used to modify the surface at the atomic

scale (Eigler et al., 1990; Commie et al., 1993). Therefore, STM has become an important

technique in surface science both for characterization of the nanometer scale devices and for

enabling novel nano-lithographic fabrication.

Usually, a ultra high vacuum (UHV) STM is used to locate nanoclusters and probe their

electronic properties. Typically, the STM head is housed in an ion-pumped chamber with a

pressure less than 1� 10�10 Torr.

METALLIC NANOCLUSTERS ON SEMICONDUCTOR SUBSTRATES

The electronic properties of metallic nanoclusters on semiconductors depend on the metal

comprising the cluster, the size of cluster, the semiconductor substrate, and the fabrication

technique. Generally speaking, metal/semiconductor nanostructures fall into three broad

categories: (i) single electron tunneling (SET) devices, (ii) nanoscale Schottky barriers,

and (iii) nanoscale ohmic contacts. The �rst category relies on conditions when the size

of a cluster is reduced to a few nanometers. The second two categories rely on a con�ned

metal/semiconductor type interface. Such interfaces could produce Schottky barriers or
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ohmic contacts based on the work functions and other electronic properties, such as Fermi

level pinning, barrier height, and barrier width.

Single Electron Tunneling

When the size of a cluster on a semiconductor is a few nanometers, SET e�ects such as

Coulomb blockade and Coulomb staircase can be observed. Similar e�ects were previously

observed for nanoclusters on metal substrates (Dorogi et al., 1995; Andres et al., 1996a;

Bigioni et al., 1999).

As summarized in Table 1, Coulomb blockade or Coulomb staircase phenomena were

studied using Au clusters on p-Si(111) (Radojkovic et al., 1996; Hu et al., 1999), Ag clusters

on p-Si(100) (Park et al., 1999), and Ag clusters on n-GaAs(110) (Jiang et al., 1999). The size

of the cluster in these studies was determined from the cluster height in STM topographic

images since the lateral size of a cluster in an STM image is signi�cantly broadened by

tip convolution e�ect. When the size of cluster is reduced to the nanometer scale, the

capacitance of the cluster/substrate structure can be low enough so that the single electron

charging energy e2=2C is large compared to the thermal energy kBT (kB is Boltzmann's

constant) which is about 26 mV at room temperature. For asymmetric structures, this

e�ect is observed as steps in an I-V curve or oscillations in dI=dV and is known as a

Coulomb staircase. Also the tunneling probability is very small for voltages smaller than

e=2C, resulting an energy gap in this voltage region. This phenomenon is referred to as

Coulomb blockade. Typically single electron tunneling e�ects at room temperature can be

observed in a cluster less than � 3 nm in diameter.

Fig. 3 is an example STM I-V (a) and dI=dV (b) data which show both Coulomb blockade

and Coulomb staircase as SET e�ects through � 3 nm Au cluster on p-Si(111) (Radojkovic

et al., 1996). The overall I-V shape in Fig. 3 is asymmetric and somewhat resembles that of a

Schottky contact. Since a p-type semiconductor was used, there is more current for positive

bias compared with the negative bias regime (the system is forward biased by applying a
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positive sample voltage). The structure was modeled by a double-barrier junction with a

set of two resistors and two capacitors.

Nanoscale Schottky Barriers

When the size of a metallic cluster on a semiconductor is not small enough for SET

e�ects, the structure can exhibit Schottky barrier behavior. Nanoscale Schottky barriers

were fabricated with Pt clusters on n-GaAs and n-InP (Hasegawa et al., 1999; Sato et al.,

1999), Au clusters on n-Si(111) (Gheber et al., 1994), and Cu clusters on TiO2 (Carroll et al.,

1997). Fig. 4 is an I-V curve measured on a Pt cluster on n-GaAs using a conducting AFM

tip (Sato et al., 1999), where the data shows typical Schottky barrier (diode) characteristic.

Many of the major issues in large-area metal/semiconductor interfaces are also of primary

concern for nanoscale interfaces. For large-area Schottky (metal/semiconductor) contacts,

the most fundamental issue is the control of the Schottky barrier height. The control of the

Schottky barrier height by varying the contact metal indicates that interface states do not

play a dominant role. The control of interface characteristics at the nanometer scale, e.g.

between nanoclusters and semiconductor surfaces, would be of comparable interest.

Many studies of the interface of metal/semiconductor structures have been reported.

For example, in a semiconductor such as n-GaAs, ex-situ techniques typically �nd that the

Schottky barrier height does not change signi�cantly as the metal work function is changed

(Woodall et al., 1981; Terso�, 1988). In this case, the surface Fermi level is \pinned" at

approximately midgap. There is still debate as to whether this is an intrinsic e�ect due to

e�ects such as a metal-induced gap states (MIGS) (Heine, 1965; Louie et al., 1976; Terso�,

1984; Monch, 1999) or an extrinsic e�ect due to oxidation of the semiconductor surface

before metal deposition (Woodall et al., 1981). There have been reports of unpinned surface

Fermi levels, i.e. Schottky barrier heights change in proportion to the deposited metal

work function for in-situ Schottky contacts (Brillson et al., 1988). There is also evidence

that Schottky barrier heights smaller than those associated with midgap pinning have been
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achieved in ex-situ nonalloyed ohmic contact structures employing a LTG:GaAs surface layer

(Chen et al., 2000).

The observation of MIGS in nanoscale barriers has been reported within the bandgap

of a nanoscale Schottky barrier structure formed using Fe clusters on GaAs(110), as shown

in Fig. 5 (First et al., 1989). The metallic behavior in the I-V curve (a) was attributed

as metallic cluster-induced gap states in tunneling to the GaAs substrate. When I-V was

attempted far from the cluster, GaAs features [curve (e)] were observed.

One of the key di�erence between metal/semiconductor interfaces at the nanometer

scale and at the micrometer scale is the relative in
uence of the semiconductor surface

surrounding the metal contact. In large-area contacts, the contact characteristics (Schottky

barrier height, leakage current) are typically viewed as being dominated by the area under

the contact, rather than by the e�ects of the open surface surrounding the contact. However,

in nanometer scale contacts, the ratio between the contact area and the active area of the

interface region around a contact (the region over which a potential di�erence is dropped)

can be small. In this case the characteristics of the surrounding unmetallized surface can

have a signi�cant impact on the measured Schottky barrier height.

Hasegawa et al., studied the dependence of Schottky barrier height on the metal work

functions with nanoscale (20-50 nm in diameter) Schottky barriers fabricated using an in-situ

electrochemical process (Hasegawa et al., 1999). Pt/InP Schottky barrier height was found

to increase as the cluster size is reduced. This e�ect was attributed to an \environmental"

Fermi level pinning surrounding the cluster, i.e. the e�ect of the surface Fermi level in the

semiconductor region surrounding the cluster. In this case, the unmetallized InP surface

was pinned at a higher potential than that of the metal/semiconductor interface, causing

an increase in the observed Schottky barrier height with respect to a large-area contact.

Nanoscale Ohmic Contacts

There are few reports describing the formation of nanoscale ohmic contacts partly be-

11



cause of the di�culty in the fabrication of an atomically 
at, ohmic contact structure to

a semiconductor layer. Any technique relying on di�usion to fabricate an ohmic contact

to a semiconductor invariably causes non-uniform interfaces which preclude scaling to the

nanometer length scale. There have been a few reports that an ohmic nanocontact to

LTG:GaAs has been formed (Lee et al., 1999; Lee et al., 2000a) utilizing deposited metal-

lic clusters without relying on di�usion techniques. In what follows, we will focus on this

interesting development in more detail.

OHMIC NANOCONTACT ON GaAs

Substrate Requirements

Electrical contacts for a nanometer scale device must provide low contact resistance and

must be spatially uniform at the nanometer length scale. This requirement presents signif-

icant problems for nanocontacts based on any alloying process. For instance, in compound

semiconductor devices based on GaAs, conventional contacts such as alloyed Au/Ge/Ni on

n-type layers are spatially non-uniform and also consume a signi�cant surface layer in order

to provide suitably low speci�c contact resistivity (Baca et al., 1997). In this regard, uniform

nonalloyed contacts are desired. Patkar et al., (Patkar et al., 1995) have reported that non-

alloyed contacts employing LTG:GaAs surface layers can provide contact resistivities below

1 � 10�6 
�cm2. Since these contacts do not su�er from the deep interface and spatially

non-uniform alloying found in Au/Ge/Ni contacts, they are appropriate for nanometer scale

device applications.

Fabrication

Nonalloyed ohmic nanocontact structures can be realized on a surface layer of LTG:GaAs.

A controlled-geometry nanocontact is obtained by depositing a single crystal Au cluster

(truncated octahedral shape) onto n-GaAs(100) having LTG:GaAs (undoped or Be-doped)

based ohmic contact layers using ex-situ chemical self-assembly techniques. A self-assembled
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monolayer (SAM) of xylyl dithiol (HS-CH2-C6H4-CH2-SH, denoted as XYL) is �rst grown

on the LTG:GaAs surface by soaking the sample in a 1 mM solution of XYL in acetonitrile

for 12-18 hours, followed by thorough rinsing in acetonitrile. This molecular layer forms

an e�ective organic metal/semiconductor interface and provides both a robust mechanical

tethering and a strong electronic coupling between the Au nanoclusters and the LTG:GaAs

surface. A summary of the fabrication procedure can be found elsewhere (Lee et al., 1999).

A schematic diagram of the resulting ohmic nanocontact structure is illustrated in Fig. 6.

STM Experimental Data

After depositing Au clusters, the stability of the nanocontacts were checked by performing

100 consecutive images over an 80 minute period of time. The Au clusters were observed

to remain stable and did not exhibit any damage due to the scanning conditions employed.

These observations indicate that the clusters are well tethered to the LTG:GaAs cap layer,

in agreement with previous studies when Au clusters were well tethered by XYL molecules

to a 
at gold substrate (Dorogi et al., 1995; Andres et al., 1996a).

Fig. 7 shows a series of representative measured STM I-V data for cases where the STM

tip was positioned over a Au cluster (solid curves C and D) and over the XYL-coated Be-

doped LTG:GaAs surface (dashed curves A and B). The nearly linear I-V obtained over the

Au cluster implies that Au nanoclusters may be useful as nanometer-size ohmic contacts

on GaAs. However, linear I-V data by itself does not provide reliable information about

the contact resistance R2 of the cluster-to-semiconductor interface depicted in Fig. 6. For

example, if the contact resistance R2 in Fig. 6 is a low resistance ohmic contact, then the

linear I-V data is mainly due to R1 since the I-V measures the total resistance Rtotal = R1

+ R2 and R1 is typically much larger than R2 in STM I-V measurements in a low-current

regime (� nA range). In this case, only a small fraction of the applied voltage between tip

and sample will be dropped across the contact interface (cluster-to-semiconductor) equal

to the ratio of R2/Rtotal. In order to increase this ratio and therefore make a signi�cant
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contribution to the total voltage dropped across the contact interface, it is necessary to

reduce R1, which is done by bringing the STM tip close to Au cluster (\near contact mode

STM").

The non-linear behavior I-V over the substrate in Fig. 7 (curves A and B) results because

the STM tip probes the electronic states of XYL/LTG:GaAs. The non-linearity in I-V on

XYL/LTG:GaAs is due to the bandgap features of XYL and LTG:GaAs. It is similar to

data obtained in studies on XYL/Au by STM, however in the latter case only XYL has this

bandgap feature (Datta et al., 1997; Tian et al., 1998).

The ohmic behavior observed in Fig. 7 (curves C and D) is found to persist in near

contact mode STM I-V measurements when the tip is positioned over a Au cluster (Lee et

al., 2000a). In this regime, a signi�cant fraction of the applied voltage is dropped across the

contact interface, permitting a useful estimate of its electronic properties.

The speci�c contact resistance (�c) of this nanocontact can be estimated because well-

characterized, single crystal Au nanoclusters were used in this study and these Au clusters

orient with a hexagonal Au(111) facet parallel to the surface when deposited on an atomically


at substrate (Andres et al., 1996b). �c is de�ned by R2 and the contact area A under the

Au cluster as

�c = R2 �A : (1)

Since the STM measures Rtotal, the STM tip must be brought close to the cluster in order to

estimate �c and set realistic limits on the maximum current capability of the nanocontact.

This is done by measuring current versus tip-cluster spacing (I-z) at a �xed bias (Lee et

al., 1999). As the tip comes close to the cluster, R1 is expected to become negligible, so the

current will saturate at a value dictated by resistance R2 which is the cluster-semiconductor

substrate resistance of interest.

Fig. 8 is a plot of I-z obtained with the tip positioned over a � 4 nm diameter Au cluster

on undoped LTG:GaAs (dotted line) and Be-doped LTG:GaAs (solid line) both of which

have been passivated by an organic XYL layer. In this plot, the initial height of the tip
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above the cluster was set by specifying an Iset and Vset. Negative values for the relative

tip position represent tip motion towards the sample. Data for the Be-doped sample were

shifted by 0.5 nm to account for a di�erence in initial heights due to di�erent set conditions.

>From geometrical considerations, the area A of a Au(111) facet on a � 4 nm diameter,

truncated octahedral cluster is � 9 � 10�14 cm2. Therefore the �c can be estimated from

�c ' (V=Isat)A ; (2)

where Isat is saturation current at near contact. Current saturation as a function of tip

motion in other STM experiments has also been observed on a metal surface (Gimzewski et

al., 1987; Lang, 1987).

For the nanocontact on an undoped LTG:GaAs sample, a �c ' 1 � 10�6 
�cm2 and

a maximum current density Jmax ' 1 � 106 A=cm2 were determined using the saturation

current (dashed horizontal line in Fig. 8; 100 nA). Compared with undoped LTG:GaAs, a Be-

doped LTG:GaAs cap layer (solid curve in Fig. 8) did not show a saturation e�ect. Instead,

the log scale I-z relationship remained roughly linear up to 1000 nA, the measurement limit

of our system. This means that the tip is still not in close contact to the cluster surface.

Using the maximum current (1000 nA) for the Be-doped LTG:GaAs capped sample, we

determine an upper bound for �c of ' 1 � 10�7 
�cm2 and a lower bound for Jmax of

' 1� 107 A=cm2. The ohmic contact properties of nanocontact structures on undoped and

Be-doped LTG:GaAs cap layer samples are summarized in Table 2.

Conduction Model of Ohmic Nanocontact

A quantitative conduction model for a large-area ohmic contact (Ti/LTG:GaAs) has

been recently developed (Chen et al., 2000). This analysis calculates the conduction band

pro�les for a given semiconductor structure by solving Poisson's equation, incorporating

the characteristics of the LTG:GaAs defect states and Fermi statistics using parameters

for the midgap defect states and shallow acceptor states in the LTG:GaAs material. This

model adequately predicts the experimental trends (Patkar et al., 1995) for speci�c contact
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resistance (�c) as a function of LTG:GaAs layer thickness and temperature.

Theoretical estimates for �c can be calculated from a standard current density versus

voltage (J -V ) relationship

J =
2e

h

Z 1

0
dE

Z dkjj
(2�)2

[f(�eV + E)� f(E)]T (E; kjj) ; (3)

which is widely used in mesoscopic physics (Tian et al., 1998). In Eq. 3, E = Ez + Ejj,

where z and jj are the normal and parallel directions to the metal-semiconductor interface,

respectively, f is the Fermi-Dirac distribution function, and T is the transmission probability

function. The relevant physics of the problem is contained in realistically estimating T ,

especially for the case when the detailed nature of the XYL molecular tether is considered.

The XYL molecule is known to have a HOMO-LUMO gap (HOMO: highest occupied

molecular orbital, LUMO: lowest unoccupied molecular orbital) of roughly 4 eV. In the gas

phase, the HOMO and LUMO states are sharp and a negligible density-of-states (DOS) is

present in the HOMO-LUMO gap. When bonded to Au(111), the HOMO and LUMO levels

broaden considerably, resulting in a �nite DOS in the gap region (Datta et al., 1997; Tian

et al., 1998).

Three models were considered to estimate T for the nanocontact shown in Fig. 9. From

this study, the ohmic contact conduction mechanism is thought to arise primarily from the

tunneling of electrons from the Au nanocluster into the GaAs layer with conduction through

the midgap band of defect states in the LTG:GaAs layer playing an important role.

The �rst model (Model I in Fig. 10) approximated the nanocontact as two tunnel

barriers, one due to a rectangular barrier as a simple approximation to the XYL molecule

and the other due to the depletion layer which forms at the LTG:GaAs interface. A WKB

calculation of T (Simmons, 1963) through this barrier for realistic values of barrier width w1

= 0.9 nm (XYL length), barrier height �B1 = 2 eV (about one-half of HOMO-LUMO gap),

w2 = 5-10 nm, and �B2 = 0.3-0.4 eV yielded estimates of �c ' 10�1 
�cm2, a result that is

about �ve orders of magnitude larger than measured experimentally (�c ' 10�6 
�cm2).

The second model (Model II in Fig. 10) treated the XYL layer as a leaky dielectric,
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and not as an insulating barrier which would have zero DOS within the barrier. The �nite

DOS leads to a higher transmission probability, signi�cantly enhancing the transport as

compared with a perfectly insulating barrier between the cluster and the LTG:GaAs. Using

this model, an estimate of �c ' 10�5 
�cm2 was obtained, providing better agreement with

experiment than Model I.

The third model (Model III in Fig. 10) provided the best overall agreement to exper-

imental data. In this model, in addition to correctly treating transmission through the

XYL molecule, the �nite DOS introduced by the LTG:GaAs layer was taken into account,

resulting in a sequential tunneling picture as shown in Fig. 10. The DOS for the midgap

states in the XYL-LTG:GaAs interface and the DOS in the n++ GaAs layer within a few

kBT around the Fermi level are calculated to be � 5 � 1018 cm�3 and � 1 � 1018 cm�3,

respectively, which are comparable to each other. Therefore, electrons passing though the

Au nanocluster into the LTG:GaAs �rst tunnel through the XYL barrier, are assisted by

the large density of midgap states at the Fermi level which reside at the XYL-LTG:GaAs

interface, and then tunnel through the LTG:GaAs barrier into the n++ GaAs layer. This

sequential tunneling mechanism provides estimates of �c ' 10�6 
�cm2, providing excellent

agreement with experiment. Detail calculations for all three models are given elsewhere

(Lee, 2000b).

An example of the �t to the experimental data obtained using Model III and adjusting

w1, w2, �B1, and the contact area is given in Fig. 11 which shows a plot of the calculated

current density versus voltage (J -V ) (solid) for the nanocontact structure on an undoped

LTG:GaAs capped sample. For comparison, the measured J -V is given as + symbols in the

plot. As shown in Fig. 11, the calculated and measured J -V curves are in a good agreement,

suggesting that a sequential tunneling mechanism is the appropriate conduction model. In

this plot, the voltage is the applied sample bias, therefore the J -V represents the reverse-bias

region in a metal/semiconductor contact structure.
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ARRAYS OF NANOCLUSTERS ON SEMICONDUCTOR SUBSTRATES

Chemical self-assembly can be used to fabricate hexagonal close-packed monolayers of

nanoscale clusters on a semiconductor surface. This nanoscale ordering of individual nan-

oclusters can be further combined with a procedure which imposes a larger-scale pattern

to break the symmetry of the uniform ordered self-assembled elements in controlled ways,

imposing arbitrarily engineered patterns which provide non-uniform interconnections and

directionality.

Unpatterned Self-Assembly

A simple method of forming monolayer arrays of Au nanoclusters is to spread a few

drops of a colloidal solution containing nanoclusters on a 
at solid substrate. As the solvent

evaporates, the nanoclusters spontaneously organize into close-packed arrays. There are

many examples of Au nanoclusters arrays studied by STM that have been fabricated on

a variety of substrates, but in many cases, the arrays were not formed on semiconductors.

Examples include unpatterned Au nanocluster arrays fabricated on MoS2 (Andres et al.,

1996b), on Au substrates (Houbertz et al., 1994; Bigioni et al., 1999), and on graphite

substrates (Durston et al., 1997). Table 3 summarizes published results of array structures

produced by the self-assembly of nanoscale metallic clusters on thick solid substrates.

Only a few examples of self-assembled cluster arrays on semiconductors have been re-

ported. The drop casting method, although it is easy to implement, cannot be used to

fabricate large-area, well-ordered arrays. To form a large-area, well-ordered monolayer ar-

ray of Au nanoclusters, a di�erent technique was developed (Liu et al., 2000). A colloidal

solution of dodecanethiol (DDT) encapsulated Au clusters in hexane was spread over a wa-

ter surface. Upon solvent evaporation, the Au nanoclusters spontaneously organized into

a hexagonal close-packed monolayer array at the air/water interface. This monolayer was

then transferred onto the semiconductor substrate by gently touching it with the substrate.

In order to verify the local and long-range ordering of the cluster arrays, the arrays were
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also transferred to an amorphous carbon �lm supported on a copper grid. A transmission

electron microscope (TEM) micrograph of such a monolayer array is shown in Fig. 12. It

reveals a highly ordered, hexagonal close-packed array of Au nanoclusters. The relative

orientation of the clusters in this array is preserved over microns, with a cluster vacancy

density of � 10�4 times the cluster density (� 2� 1012 clusters=cm2). The Au nanoclusters

in Fig. 12 have a mean diameter of 5.2 � 0.6 nm and an average edge-to-edge spacing of 3.1

� 0.2 nm. This spacing between neighboring clusters is close to twice the length of DDT

molecule (� 1.6 nm), indicating that the DDT molecules surrounding each Au nanocluster

are nearly fully extended.

Au nanocluster monolayer arrays similar to the array shown in Fig. 12 were transferred

onto a LTG:GaAs semiconductor substrate previously coated with a self-assembled mono-

layer (SAM) of the XYL tether molecule. GaAs with a Be-doped LTG:GaAs surface layer

was used for the substrate (see Fig. 6). Fig. 13 is a UHV STM image of the Au nanocluster

arrays transferred from a water surface to an XYL-coated Be-doped LTG:GaAs substrate.

A well-ordered hexagonal close-packed structure was observed. This image indicates that

the interface layer of XYL provides a robust mechanical tethering of the Au nanoclusters to

the LTG:GaAs surface and electronically links the Au clusters to the LTG:GaAs surface via

the nanocontact mechanism described above. The center-to-center distance between neigh-

boring clusters was determined to be 7.9 � 0.6 nm, a result consistent with that obtained

from a parallel TEM study (� 8.3 nm) (see Fig. 12). The highly ordered array extended

over � 0.1 �m, which is the maximum scan size of the UHV STM.

Representative I-V curves obtained for the sample shown in Fig. 13 are shown in Fig. 14,

for the case where the STM tip is directly over three cluster sites (solid curves A) and for the

case where the STM tip is positioned between clusters (dashed curve B). As was observed

in previous experiments with isolated clusters (Lee et al., 2000a), a reasonably linear I-V is

observed when the tip is positioned over a cluster. The di�erence in shape of the I-V curve

between the tip `on' and `o�' a cluster site is not as dramatic for the case of an array as for

the case of an isolated cluster. It is likely that there is some conduction through adjacent
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clusters in the \o�-cluster" case due to the �nite end form of the tip which was estimated

to be 10-15 nm in diameter from a separate TEM study.

The cluster array used in this study is \unlinked", i.e. adjacent clusters within this

array are separated by the DDT encapsulant and not linked by conductive molecules such

as XYL. In this case, the coupling to the semiconductor substrate is much stronger than

the intercluster coupling. It has been shown to be possible to control the cluster-to-cluster

resistance within an array of Au nanoclusters by exposing the array to a solution containing

a linking molecule (Andres et al., 1996b). It should therefore be possible to change the

relative strength of the intercluster electronic coupling with respect to the coupling to the

semiconductor device layers. If the intercluster coupling is made much stronger than the

cluster-to-semiconductor coupling, the resulting patterned array structure represents an in-

teresting interconnect structure which has been termed a \molecular ribbon" (Datta et al.,

1998).

Patterned Self-Assembly

Realistic nanoelectronic device applications require a precise control in positioning of the

nanoscale clusters on a semiconductor substrate. Several methods have been proposed to

realize this spatial positioning.

As summarized in Table 3, Vossmeyer et al., used a light-directed, selective deposition

technique to produce patterning of passivated Au nanoclusters (2.6 nm in diameter) onto

a Si substrate (Vossmeyer et al, 1997). Another approach using electron-beam lithography

or photolithography lift-o� techniques yielded results that are shown in Fig. 15. Following

this approach, Au nanoclusters were selectively deposited on pre-patterned regions on a

SiO2/Si substrate (Sato et al., 1997; Parker et al., 1999) and a Si3N4 substrate (Clarke et

al., 1997). Following yet another approach, Hung et al., used crystal strain to direct assembly

of nanoparticles (arsenic precipitates; � 16 nm in diameter) within GaAs-based epitaxial

layers grown at low temperature by MBE (Hung et al., 1999). They observed 1-D arrays
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of arsenic nanoparticles in these LTG:GaAs-based layers. However, these prior studies have

not realized well ordered structures such as close-packed arrays of nanoclusters nor have

they shown strong electronic coupling between the nanoclusters and the semiconductor.

Toward this purpose, a combination of soft lithography using microcontact printing and

directed self-assembly has been developed to produce patterned arrays of Au nanoclusters

(Liu et al., 2000). A pre-fabricated pattern of tethering molecules is �rst transferred to the

semiconductor surface using microcontact printing (Kumar et al., 1993; Xia et al., 1998).

Then a large-area close-packed array of Au nanoclusters is transferred to the substrate using

the process described in the previous section. Finally, a solvent rinse is used to remove

nanoclusters from the regions not coated with the tether molecule.

In particular, a SAM of XYL was deposited in pre-de�ned regions on a LTG:GaAs sub-

strate using microcontact printing. This serves as a tether template for Au nanoclusters.

Previous studies have shown that SAMs of alkanethiols can be used as electron-beam pho-

toresists on GaAs with resolutions below 10 nm (Lercel et al., 1995). In the current study,

double-ended XYL was selected to provide the patterned tether. Conventional photoresist

based techniques are generally not suitable for directing the self-assembly due to the as-

sociated nonplanarity of the surfaces, potential for molecular level contamination, and the

possibility of interactions between the chemicals used in the photoresist processing and the

self-assembly deposition.

A patterned array of Au nanoclusters on LTG:GaAs fabricated by this technique was

imaged using a SEM, as shown in Fig. 16 (a). In this image, the light regions are the bare

LTG:GaAs substrate and the dark regions are covered by Au nanocluster arrays. Although

the SEM cannot resolve individual clusters, the contrast between the two types of regions

indicates that the use of patterned tether regions has resulted in deposition of Au nan-

ocluster arrays primarily within the selected regions. The lines and cells illustrated in this

pattern represent two important structures for de�ning computational structures and the

interconnections between such cells. The width of the patterned lines are �3 microns, but

both the stamp pad patterning of XYL tether molecule and the deposition of nanocluster
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arrays on the surface should be applicable to patterns with deep submicron dimensions.

The short-range order in the cluster covered regions was investigated using UHV STM

as shown in Fig. 16 (b). In images obtained with smaller scan sizes, the hexagonal facets

of individual Au clusters were clearly visible. The well-de�ned, stable STM images verify

that ordered arrays were transferred to the XYL-coated regions on the LTG:GaAs surface

and that the clusters are well tethered mechanically and electronically to the surface. By

introducing conducting molecules between patterned Au clusters, the resulting patterned

array structure might posses interesting interconnect possibilities.

CONCLUSIONS

Research on the electronic properties of metallic nanoclusters deposited on semiconduc-

tor substrates have been summarized. These structures are of potential interest for nano-

electronic device applications. Current e�orts in this area are focussed on nanometer-scale

single-electron devices, Schottky diodes, and ohmic nanocontacts. E�orts to pattern these

nanoclusters in pre-de�ned ways on semiconductor substrates have also been reviewed. The

reported results may well form a viable technique for high throughput fabrication of future

nanoelectronic devices.
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TABLES

TABLE I. Summary of studies on metallic nanoclusters on semiconductors. The size of cluster

was determined from the height of cluster in STM topographic image. All the characterization was

done at room temperature.

Semiconductor Metallic Deposition Cluster Characterization Observation Ref.

substrate cluster environment fabrication environment

p-Si(111) Au in-situ Deposition UHV STM SET Radojkovic et al., 1996

� 3 nm from tip

p-Si(100) Au in-situ Deposition UHV STM SET Hu et al., 1999

� 1 nm from tip

p-Si(111) Ag ex-situ Thermal UHV STM SET Park et al., 1999

� 0.6 nm evaporation

n-GaAs(110) Ag in-situ Thermal UHV STM SET Jiang et al., 1999

� 1.5 nm evaporation

n-GaAs Pt in-situ Electrochemical air AFM Schottky Hasegawa et al., 1999

and n-InP 20-100 nm process barrier Sato et al., 1999

n-Si(111) Au ex-situ Thermal air STM Schottky Gheber et al., 1994

> 10 nm evaporation barrier

TiO2 Cu in-situ Thermal UHV STM Schottky Carroll et al., 1997

5-20 nm evaporation barrier

p-GaAs(110) Fe in-situ Epitaxy UHV STM Schottky First et al., 1989

1-10 nm (MBE) barrier

n-GaAs(100) Au ex-situ Deposition UHV STM Ohmic Lee et al., 1999

� 4 nm from colloid contact Lee et al., 2000a
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TABLE II. Summary of contact properties of the nanocontacts using undoped and Be-doped

LTG:GaAs layer.

Nanocontact using Nanocontact using

undoped LTG:GaAs Be-doped LTG:GaAs

Saturation current � 100 nA > 1000 nA

�c � 1� 10�6 
�cm2
� 1� 10�7 
�cm2

Jmax � 1� 106 A=cm2
� 1� 107 A=cm2
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TABLE III. Summary of studies for fabrication of metallic nanoclusters arrays on semiconduc-

tors.

Substrate Metallic Deposition Patterning Ordering Characterization Ref.

(Thick, Solid) cluster environment environment

MoS2 Au ex-situ Unpatterned 2-D ordered TEM Andres et al., 1996b

� 4 nm

Au Au ex-situ Unpatterned 2-D UHV STM Houbertz et al., 1994

� 1 nm non-ordered

Au Au ex-situ Unpatterned 2-D ordered UHV STM Bigioni et al., 1999

� 2 nm

Graphite Au ex-situ Unpatterned 2-D ordered UHV STM Durston et al., 1997

� 1 nm

Si Au ex-situ Patterned 2-D SEM Vossmeyer et al., 1997

� 2.6 nm non-ordered

SiO2/Si Au ex-situ Patterned 2-D SEM Sato et al., 1997

� 2 nm non-ordered

SiO2/Si Au ex-situ Patterned 2-D AFM Parker et al., 1999

� 2 nm non-ordered

Si3N4 Au ex-situ Patterned 2-D SEM & TEM Clake et al., 1997

� 1 nm non-ordered

GaAs As in-situ Patterned 1-D TEM Hung et al., 1999

� 16 nm non-ordered

GaAs Au ex-situ Patterned 2-D ordered SEM & Liu et al., 2000

� 5 nm UHV STM
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FIG. 1. Schematic of the Multiple Expansion Cluster Source (MECS).

Ga

As

As
Ga

FIG. 2. Model structure of LTG:GaAs showing an arsenic antisite defect (AsGa).
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FIG. 3. (a) I-V characteristic obtained on a Au dot, showing equidistant steps of ' 430 mV.

The inset illustrates the schematic of the experimental arrangement under zero-bias conditions,

comprising the equivalent circuit with the resistances and capacitances R1, C1 and R2, C2, respec-

tively (SCR: space-charge region). (b) numerical derivation of (a) showing periodical oscillation.

Arrows in (a) and circle in (b) indicate the occurrence of regions with negative di�erential resistance

(NDR). (From Radojkovic et al., 1996).

FIG. 4. I-V curve measured at Pt dot/n-GaAs contacts. (From Sato et al., 1999).
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FIG. 5. Tunneling current vs. tip distance from the Fe cluster. Curve (a) is on the cluster.

Curve (b) to curve (e) correspond to distances from the cluster edge of 3.7 �A, 6.7 �A, 9.6 �A, and

14.3 �A. (From First et al., 1989).

R2

R1

Tip

FIG. 6. A schematic diagram of the nanocontact structure showing the GaAs epitaxial layers,

the XYL monolayer, the deposited Au cluster encapsulated with DDT and STM tip. This system

is modeled by two resistors connected in series. R1 and R2 are explained in text.
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A,B: on substrate
C,D: on cluster

A
B

CD

FIG. 7. I-V data taken with the tip positioned over the XYL-coated substrate (dashed) and

over a 4 nm diameter Au cluster (solid) with 0.8 nA for Iset and -1.0 V (A and C), -0.6 V (B and

D) for Vset. Inset picture is a 20 nm � 20 nm UHV STM topographic image of the Au cluster

tethered to the XYL-coated Be-doped LTG:GaAs, acquired with Iset = 1.0 nA and Vset = -1.0 V.

(From Lee et al., 2000a).

For Be-doped LTG:GaAs

Saturation current

For undoped LTG:GaAs

for undoped LTG:GaAs

FIG. 8. A log scale plot of I-z over a 4 nm diameter Au cluster, at constant Vset = -1.0 V for

undoped LTG:GaAs cap layer (dotted) and for Be-doped cap layer (solid). The initial separation

corresponding to Iset = 0.5 nA and 3.0 nA is plotted at zero and at -0.5 nm for undoped and

Be-doped LTG:GaAs, respectively. (After Lee et al., 2000a).
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FIG. 9. Nanocontact structure and the appropriate energy band diagram.

FIG. 10. Schematic diagram illustrating three conduction models for the ohmic nanocontact

structure.
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FIG. 11. Calculated J-V (solid) and measured J-V (+ symbols) for a Au cluster nanocontact

on an undoped LTG:GaAs capped sample. The voltage axis is the positive bias applied to the

sample and corresponds to the reverse-bias region in metal/semiconductor interface.

FIG. 12. A TEM micrograph of a hexagonal close-packed monolayer of DDT encapsulated Au

nanoclusters transferred from a water surface to a carbon TEM grid. The inset is a 100 nm � 100

nm enlarged view of the cluster array. (From Liu et al., 2000).
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FIG. 13. A 50 nm � 50 nm UHV STM topographic image of close-packed 2-D array of Au

nanoclusters tethered to the XYL-coated Be-doped LTG:GaAs, acquired with Vset = -1.2 V and

Iset = 0.1 nA. There is a defect site (vacancy) in this image.

B

Solid (A): on cluster site
Dashed (B): off cluster site

A
A

A
A

B

FIG. 14. I-V data taken with the STM tip positioned over on-cluster sites (solid curves A)

and over an o�-cluster site (dashed curve B) with Iset = 0.15 nA and Vset = -1.2 V. Inset picture

is a 25 nm � 25 nm UHV STM image of array of Au clusters tethered to XYL-coated Be-doped

LTG:GaAs, acquired with Iset = 0.1 nA and Vset = -1.2 V.
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FIG. 15. An SEM micrograph showing an example of patterned, 20 nm Au colloidal particles

on SiO2/Si. (From Sato et al., 1997).

FIG. 16. (a) An SEM micrograph of a patterned Au nanocluster array on LTG:GaAs. The

light colored regions are bare LTG:GaAs and the dark colored areas are regions covered by Au

nanoclusters. (b) A 30 nm � 30 nm UHV STM topographic image of the Au nanoclusters in the

XYL de�ned regions on the LTG:GaAs substrate, acquired with Iset = 200 pA and Vset = -1.5 V.

(From Liu et al., 2000).
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