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Abstract

We review current research on the electronic properties of hanoscale metallic islands and clusters deposited on
semiconductor substrates. Reported results for a number of nanoscale metal-semiconductor systems are summarized
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 properties. Imaging by scanning tunneling microscopy
as well as electrical characterization 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 employing 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 techniques involving conjugated organic tether
molecules, arrays of nanoclusters have been formed in both unpatterned and patterned regions on semiconductor
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.

Introduction (Johnson et al., 1998) or scanning probe microscope-
related nanolithography (Dai et al., 1998; Hong et al.,
With further downscaling of semiconductor devices, 1999) become slow when used to define nanoscale fea-
there will be a transition from the present fabrication tures. Recently self-assembly techniques have attracted
technology at the micrometer length scale to a new interestfor nanoscale device applications because these
technology at the nanometer length scale. Successfultechniques offer the potential to fabricate nanoscale
nanofabrication protocols will require a clear under- elements such as quantum dots and electronic device
standing of physical properties of nanometer scale sys- configurations of these nanoscale elements without
tems (Nalwa, 2000). direct use of conventional lithographic techniques.
The ability to easily fabricate nanometer scale struc- A number of self-assembly techniques have been
tures is an essential ingredient for further advances reported for fabricating nanoscale structures of clus-
in nanotechnology. Direct use of conventional litho- ters, quantum dots, and wires (Murray et al., 1995;
graphic techniques such as electron beam lithography Andres et al., 1996b; Korgel & Fitzmaurice, 1998;
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Chung et al., 1998; Brune et al., 1998; Kiely et al., locating clusters with scanning probe tips, few studies
1998; Fan etal., 1999). Arecurring theme in these self- have been reported which offer a global solution to the
assembly protocols is their use of pre-formed nanoscaleimportant problem of accurate cluster positioning. In
metallic clusters. what follows, we will discuss some very recent work
In what follows, we review recent studies of nano- which offers promise in this area.

scale metallic clusters deposited on semiconductor We have attempted to accurately survey the literature
substrates with a view toward future nanoelectronic and summarize interesting work involving metallic
applications. At present, it is difficult to predict in any nanoclusters on semiconductors through 1999. We
great detail what ultimate electronic functionality will apologize in advance if any work has been inadver-
be gained using nanoparticles. The near future will tently overlooked in the review that follows.

almost certainly exploit the small size and regular geo-
metric shape of nanoscale crystalline clusters in pro-
totype designs of simple electronic circuits similar to

those used in current practice. As discussed below, | hesi dd . .
functionalities like non-linear—V characteristics and ~ Nanocluster synthesis and deposition on semicon-

nanoscale ohmic contact have already been demon_ductors follow a wide range of protocols. Studies have

strated for vertical electron transport between a metal P€€N reported in which submonolayer coverage of
nanoparticle and a semiconductor substrate metal adatoms have been evaporated onto various sub-

In the longer term, the deposition of cluster net- strates and allowed to coalesce into small nanometer-

works on active semiconductor surfaces to provide a size islands, scanning probe tips have been pulsed

periodic lateral modulation of the electronic properties to cause a d.eposmon of small numbers of "?‘toms N
of the underlying substrate seems promising. Patter- localized regions, clusters have been deposited from

ning achieved via self-assembly of the clusters could coIIo_ids, or b_y eIectroc_her_nicaI Processes. Table 1 sum-
either be transferred into the substrate via selective Marizes various fabrication techniques of nanoscale

eching using the clusters as an etch mask or could m?\}lalllc |s%lahnds on sr]em|conduc;0r SUbStrﬁteS'
be induced by electronic interactions at the cluster— any ofthese techniques produce small, nanometer-

substrate interface. The ability to functionalize a cluster size deposits that are often callyed ‘nanoclusters’, t_’Ut
network with linking molecules of choice adds a low- the structure of the ‘nanocluster’ and the nature of its

cost design flexibility that seems attractive. Tailoring |dnt$rfa(cj:e to trr']e semlc_onguctqrhsurr]f_ace_|s often r_loéw_ell
the lateral electron transport in a cluster network, efined or characterized. Wit this view in mind, it
placed between two or more contact pads as well seems clear that the ability to fabricate well-controlled

as the vertical electron transport into a semiconduct- 960metry (i.e. crystalline) metallic clusters is highly

ing substrate can be exploited in advanced compu- deswak_)le. .Metal clusters in the size range from 1 to

tational, biological, or chemical sensing applications. 10nm in d|_ameter are known to _be equiaxed and can

Scenarios for attaining useful electronic functionality P€ Synthesized as well-faceted single crystals.

in cluster-based ‘devices’ have already been pro-

posed (Roychowdhury et al., 1996; Bandyopadhyay & Aerosol synthesis of Au nanoclusters

Roychowdhury, 1996; Datta et al., 1998; Snow &

Wohltjen, 1998; Wohltjen & Snow, 1998) One proven approach to the fabrication of crystalline
Within this context, semiconductor substrates are of nanoclusters of controlled size is using an aerosol reac-

particular interest because at this time they seemto pro-tor. For example, nanometer size single crystal Au

vide the most direct path to useful electronic function- clusters with controlled diameters (ranging froa®

ality. Published work falls into three general categories to ~20nm) have been synthesized using an aerosol

which include single electron tunneling (SET) devices, reactor known as a Multiple Expansion Cluster Source

nanoscale Schottky barriers and nanoscale ohmic con-(MECS). A schematic of the MECS is shown in

tacts. Almost all of the published work relies heavilyon Figure 1.

scanning probe microscopy. A further important issue  Inthe MECS, bare Au clusters are nucleated, grown,

is related to the accurate positioning of metallic clusters and annealed in an inert gas (helium or argon) at

on semiconductors. While a variety of studies have dis- reduced pressures. After gas phase annealing each

cussed some of the recent work which offers promise in cluster is an fcc crystal in the shape of a truncated

this area and have shown the potential of pushing and octahedron. The bare Au clusters are encapsulated and

Nanocluster synthesis and deposition
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Table 1 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  Reference
substrate cluster environment  fabrication environment
p-Si(111) Au~3nm in-situ Deposition UHV STM SET Radojkovic et al., 1996
from tip
p-Si(100) Au~1nm in-situ Deposition UHV STM SET Hu et al., 1999
from tip
p-Si(111) Ag~0.6nm  ex-situ Thermal UHV STM SET Park et al., 1999
evaporation
n-GaAs(110) Ag~1.5nm in-situ Thermal UHV STM SET Jiang et al., 1999
evaporation
n-GaAs Pt 20—-100 nm in-situ Electrochemical  Air AFM Schottky Hasegawa et al., 1999;
and n-InP process barrier Sato et al., 1999
n-Si(111) Au>10nm ex-situ Thermal Air STM Schottky Gheber et al., 1994
evaporation barrier
TiO, Cu5-20nm in-situ Thermal UHV STM Schottky Carroll et al., 1997
evaporation barrier
p-GaAs(110) Fe 1-10nm in-situ Epitaxy UHV STM Schottky First et al., 1989
(MBE) barrier
n-GaAs(100) Au~4nm ex-situ Deposition UHV STM Ohmic Lee et al., 1999; 2000a
from colloid contact
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Figure 1L Schematic of the Multiple Expansion Cluster Source (MECS).

protected from agglomeration by spraying a surfac- found elsewhere (Bowles et al., 1981; Choi & Andres,

tant, e.g. dodecanethiol [GKCH,).;SH, denoted as
DDT] solution into the aerosol flow downstream of

1987; Chao & Andres, 1994).
The DDT encapsulated Au nanoclusters are soluble

the MECS. Detailed descriptions of the MECS can be and form stable colloidal solutions in many nonpolar
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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 etal., 1996). Compared to various liquid
phase synthesis methods, this aerosol synthesis has th
following advantages: (i) the clusters are synthesized
and annealed at very high temperatures so that eact
cluster is a well-faceted fcc single crystal; (ii) the clus-
ters are charge neutral, which eliminates potential off-
set charge problems; (iii) both bare and encapsulated
nanoclusters can be obtained, enabling studies on theigyre 2 Model structure of LTG:GaAs showing an arsenic anti-
effects of encapsulation on the crystal structure and site defect (As,).

other properties of the nanoclusters; (iv) the encapsu-

lant can be displaced by other organic molecules in

order to control the structural and electronic properties Low temperature grown GaAs

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

Surface modification of semiconductor substrates can

produce desirable properties for nanocluster research.
Semiconductor substrates For instance, a layer of low-temperature grown GaAs

(LTG:GaAs) (Melloch et al., 1995) has been found

Only a few semiconductor substrates have been choserf0 have a number of useful properties that make it a
to support nanoclusters. These substrates include SiPromising candidate for the study of deposited metal-
native oxide (Si@) on Si, GaAs, and InP. Since semi- lic nanoclusters. LTG:GaAs shows many interesting
conductor substrates can provide device functionality €lectronic properties that have been attributed to the
and circuitry, the electronic integration of nanoclusters ~ 1—2% excess arsenic incorporated during growth.

with various semiconductor device structures is of par- For As-grown material, the excess arsenic results in a
ticular interest. high concentration{ 1 x 10?°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

Semiconductor substrates should be flat enough at thein the GaAs bandgap. These states prevent the GaAs

nanometer scale for the experimental characterization surface ff°'_’“ rapidly oxi_dizing (_jue to the_relatively low
of deposited metallic nanoclusters. A rough substrate concentration of minority carrier holes in the surface

surface having average roughness comparable to theIayeransmgfromthe small minority carrier lifetime in

dimension of the nanoclusters will cause difficulty in I{_'LG:C;aAs E’%?EZIA(\HOH% et.all., 19?)6; Ngetal, lgt%.)'l

distinguishing clusters from features of substrate itself. erefore, : S materialcan be a propermateria
Chemical stability of semiconductor surfaces (e.g. for_ n_a_nometer_scale device applications since the rap|d

resistance to oxidation upon air exposure) can be an oxidizing on Si and GaAs causes non-uniform electric

important benefit in the case wher-situprocessing contacts. Figure 2 ISa “.“O.de' struciure of LTG:GaAs
of deposited nanoclusters is required. Semiconductor indicating an arsenic antisite defect ¢as

materials such as Si and GaAs are known to oxidize

quickly when exposed to air, resulting in an electri-

cal insulating layer and a non-uniform, rough surface. Experimental characterization

Cleaving substratén-situis one solution to this prob-

lem (First et al., 1989; Jiang et al., 1999). Another Any tool to successfully characterize a nanoscale
approach is to intentionally passivate semiconduc- system requires both a direct imaging capability cou-
tor surfaces to prevent oxidation and non-uniformity pled with a nanometer scale characterization capa-
(Lee et al., 1999). bility. High resolution microscopic techniques, such

Substrate considerations
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as scanning electron microscopy (SEM), transmis- and other electronic properties, such as Fermilevel pin-
sion electron microscopy (TEM), scanning tunnel- ning, barrier height, and barrier width.
ing microscopy (STM) and atomic force microscopy
(AFM) can be used to obtain direct images of the Single electron tunneling
material surface at the nanometer scale. Other surface
analytical techniques, such as X-ray photoemission when the size of a cluster on a semiconductor is a few
spectroscopy (XPS), ultraviolet photoemission spec- nanometers, SET effects such as Coulomb blockade
troscopy (UPS), X-ray diffraction and low-energy elec-  and Coulomb staircase can be observed. Similar effects
tron diffraction (LEED) can only provide spatially were previously observed for nanoclusters on metal
averaged information. Among these techniques, how- sypstrates (Dorogi et al., 1995; Andres et al., 1996a;
ever, only STM and STM-based spectroscopic tech- Bigioni et al., 1999).
niques can provide a proper experimental tool for both  As summarized in Table 1, Coulomb blockade or
imaging and characterization. Coulomb staircase phenomena were studied using Au
STM was invented in early 1980's by Binnig and clusters on p-Si(111) (Radojkovic etal., 1996; Huetal.,
Rohrer and is a powerful technique to image the real 1999), Ag clusters on p-Si(100) (Park et al., 1999), and
space of a surface structure (Binnig et al., 1982). STM Ag clusters on n-GaAs(110) (Jiang et al., 1999). The
and STM-related techniques are now widely used in sjze of the cluster in these studies was determined from
the areas of physics, chemistry, material science, andthe cluster height in STM topographic images since
biology. In earlier times, the main application of STM  the |ateral size of a cluster in an STM image is sig-
was toimage the surface of amaterial. Nowadays, STM pificantly broadened by tip convolution effect. When
and STM spectroscopic techniques enable the study ofthe size of cluster is reduced to the nanometer scale,
electrical properties of nanoscale elements. STM has the capacitance of the cluster/substrate structure can be
also been used to m0d|fy the surface at the atomic Scalek)w enough so that the Sing|e electron Charging energy
(Elgler & SChweizer, 1990; Crommie et a.l., 1993) 62/2C is |a|’ge Compared to the thermal enew
Therefore, STM has become an important technique (ks is Boltzmann's constant) which is about 26 mV
in surface science both for characterization of the at room temperature_ For asymmetric structures, this
nanometer scale devices and for enabling novel nano- effect is observed as steps in &AV curve or oscilla-
lithographic fabrication. tions ind1/dV and is known as a Coulomb staircase.
Usually, a ultra high vacuum (UHV) STM is used  Also the tunneling probability is very small for voltages
to locate nanoclusters and probe their electronic pro- smaller thare/2C, resulting an energy gap in this volt-
perties. Typically, the STM head is housed in an ageregion. This phenomenonis referred to as Coulomb
ion-pumped chamber with a pressure less than 1 plockade. Typically single electron tunneling effects at
10*°Torr. room temperature can be observed in a cluster less than
~3nm in diameter.
Figure 3is an example STV (a) andd/dV (b)
Metallic nanoclusters on data which show both Coulomb blockade and Coulomb
semiconductor substrates staircase as SET effects througt8 nm Au cluster on
p-Si(111) (Radojkovic et al., 1996). The overaiVv
The electronic properties of metallic nanoclusters shape in Figure 3 is asymmetric and somewhat resem-
on semiconductors depend on the metal comprising bles that of a Schottky contact. Since a p-type semicon-
the cluster, the size of cluster, the semiconductor ductor was used, there is more current for positive bias
substrate, and the fabrication technique. Generally compared with the negative bias regime (the system is
speaking, metal/semiconductor nanostructures fall into forward biased by applying a positive sample voltage).
three broad categories: (i) SET devices, (i) nanoscale The structure was modeled by a double-barrier junc-
Schottky barriers, and (iii) nanoscale ohmic contacts. tion with a set of two resistors and two capacitors.
The first category relies on conditions when the size of
a cluster is reduced to a few nanometers. The secondNanoscale schottky barriers
two categories rely on a confined metal/semiconductor
type interface. Such interfaces could produce Schottky When the size of a metallic cluster on a semiconductor
barriers or ohmic contacts based on the work functions is not small enough for SET effects, the structure can
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Figure 3 (a) I-V characteristic obtained on a Au dot, showing
equidistant steps at 430 mV. The inset illustrates the schematic
of the experimental arrangement under zero-bias conditions, com-
prising the equivalent circuit with the resistances and capac-
itances R, C, and R, C,, respectively (SCR: space-charge
region). (b) numerical derivation of (a) showing periodical oscil-
lation. Arrows in (a) and circle in (b) indicate the occurrence
of regions with negative differential resistance (NDR). (From
Radojkovic et al., 1996.)

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 Ti@ (Carroll et al., 1997). Figure 4 is an

0 Current (nA)
4.0 4+
3.0 +
2.0 +
1.0 + Pn=1.0eV
| | | | | 5
l I I 0 ] l g
-1.5 -1.0 -05 4+ 0.5 1.0 15
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Figure 4 -V curve measured at Pt dot/n-GaAs contacts. (From
Sato et al., 1999.)

Many of the major issues in large-area metal/semi-
conductor 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 characteris-
tics at the nanometer scale, e.g. between nanoclusters
and semiconductor surfaces, would be of comparable
interest.

Many studies of the interface of metal/semicon-
ductor structures have been reported. For example, in
a semiconductor such as n-GaAsx-situtechniques
typically find that the Schottky barrier height does
not change significantly as the metal work function is
changed (Woodall & Freeouf, 1981; Tersoff, 1988). In
this case, the surface Fermi level is ‘pinned’ at approx-
imately midgap. There is still debate as to whether this
is an intrinsic effect due to effects such as a metal-
induced gap states (MIGS) (Heine, 1965; Louie &
Cohen, 1976; Tersoff, 1984; Monch, 1999) or an extrin-
sic effect due to oxidation of the semiconductor surface
before metal deposition (Woodall & Freeouf, 1981).
There have been reports of unpinned surface Fermilev-
els, i.e. Schottky barrier heights change in proportion to
the deposited metal work function for-situ Schottky
contacts (Brillson et al., 1988). There is also evidence
that Schottky barrier heights smaller than those asso-

I-V curve measured on a Pt cluster on n-GaAs using a ciated with midgap pinning have been achieved in

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

ex-situnonalloyed ohmic contact structures employing
a LTG:GaAs surface layer (Chen et al., 2000).
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100 nanoscale (20-50 nm in diameter) Schottky barriers
(e) fabricated using arin-situ electrochemical process
(Hasegawa et al., 1999). Pt/InP Schottky barrier height
was found to increase as the cluster size is reduced.
This effect was attributed to an ‘environmental’ Fermi
level pinning surrounding the cluster, i.e. the effect 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.

50

Current (pA)

GaAs

—|
band gap

Nanoscale ohmic contacts

-100

-1 0 1 2 There are few reports describing the formation of
Voltage (V) nanoscale ohmic contacts partly because of the diffi-
culty in the fabrication of an atomically flat, ohmic con-
Figure 5 Tunneling current vs. tip distance from the Fe cluster. tact structure to a semiconductor layer. Any technique
Curve (a) is on the cluster. Curve (b) to curve (e) correspond to relying on diffusion to fabricate an ohmic contact to
di_stances from the cluster edge of 3.7, 6.7, 9.6 and 14.3 A. (From a semiconductor invariably causes non-uniform inter-
Firstetal,, 1989.) faces 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; 2000a) utilizing deposited metallic clusters with-
out relying on diffusion techniques. In what follows,
we will focus on this interesting development in more
detail.

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 Figure 5 (First et al.,
1989). The metallic behavior in the-V curve (a) was
attributed as metallic cluster-induced gap states in tun-
neling to the GaAs substrate. WherV was attempted
far from the cluster, GaAs features [curve (e)] were Ohmic nanocontact on GaAs
observed.

One of the key difference between metal/semi- Substrate requirements
conductor interfaces at the nanometer scale and at the
micrometer scale is the relative influence of the semi- Electrical contacts for a nanometer scale device must
conductor surface surrounding the metal contact. provide low contact resistance and must be spatially
In large-area contacts, the contact characteristics uniform at the nanometer length scale. This require-
(Schottky barrier height, leakage current) are typically ment presents significant problems for nanocontacts
viewed as being dominated by the area under the con-based on any alloying process. For instance, in com-
tact, rather than by the effects of the open surface pound semiconductor devices based on GaAs, conven-
surrounding the contact. However, in nanometer scale tional contacts such as alloyed Au/Ge/Ni on n-type
contacts, the ratio between the contact area and thelayers are spatially non-uniform and also consume a
active area of the interface region around a contact (the significant surface layer in order to provide suitably
region over which a potential difference is dropped) low specific contact resistivity (Baca et al., 1997). In
can be small. In this case the characteristics of the sur-this regard, uniform nonalloyed contacts are desired.
rounding unmetallized surface can have a significant Patkar et al. (1995) have reported that nonalloyed con-
impact on the measured Schottky barrier height. tacts employing LTG:GaAs surface layers can pro-

Hasegawa et al., studied the dependence of Schottkyvide contact resistivities belowst 107 Q-cn?. Since
barrier height on the metal work functions with these contacts do not suffer from the deep interface and
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spatially non-uniform alloying found in Au/Ge/Ni con-

tacts, they are appropriate for nanometer scale device

applications.

Fabrication

Nonalloyed ohmic nanocontact structures can be real-
ized 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 usixgsitu
chemical self-assembly techniques. A self-assembled
monolayer (SAM) of xylyl dithiol (HS—CH-CsH,—
CH,—SH, denoted as XYL) is first grown on the
LTG:GaAs surface by soaking the sample in a 1 mM
solution of XYL in acetonitrile for 12-18 h, followed
by thorough rinsing in acetonitrile. This molecular
layer forms an effective organic metal/semiconductor
interface and provides both a robust mechanical teth-
ering and a strong electronic coupling between the
Au nanoclusters and the LTG:GaAs surface. A sum-
mary of the fabrication procedure can be found else-
where (Lee et al., 1999). A schematic diagram of the
resulting ochmic nanocontact structure is illustrated in
Figure 6.

STM experimental data

After depositing Au clusters, the stability of the

nanocontacts were checked by performing 100 con-
secutive images over an 80 min period of time. The
Au clusters were observed to remain stable and did

DT encapsulated
- = Au claster

XYLsaM S B

LTG: Gats (undopad/Be-doned)

1l nm
I0nm N4+ 5i doped Gass (107%m™)
S0nm 4+ 5 doped Gads (5o 0B8emr?)

n+ Gads [ L} subsiraie

Figure 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 seriean

R, are explained in text.

in Figure 6. For example, if the contact resistaie

in Figure 6 is a low resistance ohmic contact, then the
linear I-V data is mainly due taR; since the/-V
measures the total resistanRg,, = R, + R, and R,

is typically much larger tharR, in STM -V mea-
surements in a low-current regime- QA range). In

not exhibit any damage due to the scanning conditions this case, only a small fraction of the applied voltage
employed. These observations indicate that the clus- between tip and sample will be dropped across the con-
ters are well tethered to the LTG:GaAs cap layer, in tact interface (cluster-to-semiconductor) equal to the
agreementwith previous studies when Au clusters were ratio of R,/ R, IN Order to increase this ratio and there-
well tethered by XYL molecules to a flat gold substrate fore make a significant contribution to the total voltage
(Dorogi et al., 1995; Andres et al., 1996a). dropped across the contact interface, it is necessary to
Figure 7 shows a series of representative measuredreducer,, which is done by bringing the STM tip close
STM [-V data for cases where the STM tip was to Au cluster (‘near contact mode STM’).
positioned over a Au cluster (solid curves C and D)  The non-linear behaviof—V over the substrate in
and over the XYL-coated Be-doped LTG:GaAs sur- Figure 7 (curves A and B) results because the STM tip
face (dashed curves A and B). The nearly lingav probes the electronic states of XYL/LTG:GaAs. The
obtained over the Au cluster implies that Au nanoclus- non-linearity in/—V on XYL/LTG:GaAs is due to the
ters may be useful as nanometer-size ohmic contacts onbandgap features of XYL and LTG:GaAs. It is simi-
GaAs. However, lineaf—V data by itself does not pro-  lar to data obtained in studies on XYL/Au by STM,
vide reliable information about the contact resistance however in the latter case only XYL has this bandgap
R, of the cluster-to-semiconductor interface depicted feature (Datta et al., 1997; Tian et al., 1998).
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Figure 7. I-V data taken with the tip positioned over the XYL- ) )

coated substrate (dashed) and over a 4nm diameter Au cluster19ure & Alog scale plot off — over a 4nm diameter Au clus-
(solid)with 0.8 nAforl,.and—1.0V (AandC)~0.6V (BandD) (", at constantse = —1.0V for undoped LTG:GaAs cap layer
for V... Inset picture is a 20 nm 20 nm UHV STM topographic (dotted) anq for Be-doped cap layer (sohql). The initial separation
image of the Au cluster tethered to the XYL-coated Be-doped Ccorresponding tds. = 0.5nA and 3.0nA is plotted at zero and
LTG:GaAs, acquired Wit = 1.0 nAandV., = —1.0 V. (From at —0.5 nm for undoped and Be-doped LTG:GaAs, respectively.
Lee etal., 20003.) (Aﬁer Leeetal., 20003)

is the cluster—semiconductor substrate resistance of
interest.

Figure 8 is a plot off — obtained with the tip posi-
tioned 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 above the cluster was set by specifyinglan
and V. 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
adifference in initial heights due to different set condi-
tions. From geometrical considerations, the afeaf
a Au(111) facet on a4 nm diameter, truncated octa-
hedral cluster is~ 9 x 10~ c?. Therefore they, can
p. = Ry x A 1) be estimated from

The ohmic behavior observed in Figure 7 (curves C
and D) is found to persist in near contact mode STM
I-V measurements whenthetipis positioned overa Au
cluster (Lee et al., 2000a). In this regime, a significant
fraction of the applied voltage is dropped across the
contact interface, permitting a useful estimate of its
electronic properties.

The specific contact resistange Y of this nanocon-
tact 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 atom-
ically flat substrate (Andres et al., 1996p)is defined
by R, and the contact ared under the Au cluster as

Since the STM measure®,., the STM tip must be pe = (V/I) A, (2
brought close to the cluster in order to estimate

and set realistic limits on the maximum current capa- wherel, is saturation current at near contact. Current
bility of the nanocontact. This is done by measuring saturation as a function of tip motion in other STM
current versus tip-cluster spacini{) at a fixed bias  experiments has also been observed on a metal surface
(Lee et al., 1999). As the tip comes close to the clus- (Gimzewski & Moller, 1987; Lang, 1987).

ter, R, is expected to become negligible, so the current  For the nanocontact on an undoped LTG:GaAs sam-
will saturate at a value dictated by resistazavhich ple, ap, ~ 1 x 107 Q.cn? and a maximum current
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density Jnax >~ 1 x 10° A/lcm? were determined using
the saturation current (dashed horizontal line in
Figure 8; 100 nA). Compared with undoped
LTG:GaAs, a Be-doped LTG:GaAs cap layer (solid
curve in Figure 8) did not show a saturation effect.
Instead, the log scald— 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 maxi-
mum current (1000 nA) for the Be-doped LTG:GaAs
capped sample, we determine an upper boung fof
~1x 107 Q-cn? and a lower bound fof ., of ~ 1 x

10" A/cm?. The ohmic contact properties of nanocon-

the normal and parallel directions to the metal-
semiconductor interface, respectivelyjs the Fermi—
Dirac distribution function, and’ is the transmission
probability function. The relevant physics of the prob-
lem is contained in realistically estimatirif, espe-
cially 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 4eV. 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.

tact structures on undoped and Be-doped LTG:GaAs When bonded to Au(111), the HOMO and LUMO

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

(Chenetal., 2000). This analysis calculates the conduc-

tion band profiles for a given semiconductor structure
by solving Poisson’s equation, incorporating the char-
acteristics of the LTG:GaAs defect states and Fermi

statistics using parameters for the midgap defect states Au luster

and shallow acceptor states in the LTG:GaAs mate-
rial. This model adequately predicts the experimental
trends (Patkar et al., 1995) for specific contact resis-
tance p.) as a function of LTG:GaAs layer thickness
and temperature.

Theoretical estimates fop. can be calculated
from a standard current density versus voltageW()
relationship

dk

J—%/def
ko Jo (2r)?

x[f(=eV + E)— f(E)]T(E, ky),

®)

which is widely used in mesoscopic physics (Tian
etal., 1998). In Eq. (3)F = E. + E,;, wherez and| are

Table 2 Summary of contact properties of the nanocontacts using
undoped and Be-doped LTG:GaAs layer

Nanocontact using
undoped LTG:GaAs

Nanocontact using
Be-doped LTG:GaAs

Saturation ~100nA > 1000 nA
current

Oc ~1x10°%Q-cn? ~1x 107 Q-cn?
Jimax ~1x 1C°PA/cm? ~1x 10'A/cn?

levels broaden considerably, resulting in a finite DOS
in the gap region (Datta et al., 1997; Tian et al.,
1998).

Three models were considered to estinfatier the
nanocontact shown in Figure 9. From this study, the

LTG:GaMs
f++ Gads

n++ Gads

LTG Gans

Figure 9. Nanocontact structure and the appropriate energy band
diagram.



ohmic contact conduction mechanism is thought to
arise primarily from the tunneling of electrons from
the Au nanocluster into the GaAs layer with conduc-
tion through the midgap band of defect states in the
LTG:GaAs layer playing an important role.

The first model (Model | in Figure 10) approximated
the nanocontact as two tunnel barriers, one due to arect-
angular 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 realis-
tic values of barrier widthw, = 0.9 nm (XYL length),
barrier heightbg, = 2 eV (about one-half of HOMO-
LUMO gap), w, = 5-10nm, andbg, = 0.3-0.4eV
yielded estimates o, ~ 10 Q-cn?, a result that is
about five orders of magnitude larger than measured
experimentally . ~ 107¢ Q.cn?).

The second model (Model Il in Figure 10) treated the
XYL layer as a leaky dielectric, and not as aninsulating
barrier which would have zero DOS within the barrier.
The finite DOS leads to a higher transmission probabi-
lity, significantly enhancing the transport as compared
with a perfectly insulating barrier between the cluster
and the LTG:GaAs. Using this model, an estimate of
0. 2= 1075 Q-cn? was obtained, providing better agree-
ment with experiment than Model I.

The third model (Model Il in Figure 10) provided
the best overall agreement to experimental data. In
this model, in addition to correctly treating trans-
mission through the XYL molecule, the finite DOS
introduced by the LTG:GaAs layer was taken into
account, resulting in a sequential tunneling picture
as shown in Figure 10. The DOS for the midgap
states in the XYL-LTG:GaAs interface and the DOS
in the ++ GaAs layer within a fewkgT around
the Fermi level are calculated to be5 x 10 and
~1 x 10%cm 3, respectively, which are compara-
ble to each other. Therefore, electrons passing though
the Au nanocluster into the LTG:GaAs first tun-
nel 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 mecha-
nism provides estimates pf ~ 1075 Q-cn?, providing
excellent agreement with experiment. Detail calcula-
tions for all three models are given elsewhere (Lee,
2000b).

An example of the fit to the experimental data
obtained using Model lll and adjusting , w,, ®g;, and
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Figure 1Q Schematic diagram illustrating three conduction
models for the ohmic nanocontact structure.
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the contact areais givenin Figure 11 which shows a plot are in a good agreement, suggesting that a sequential
of the calculated current density versus voltageVy) tunneling mechanism is the appropriate conduction
(solid) for the nanocontact structure on an undoped model. In this plot, the voltage is the applied sam-
LTG:GaAs capped sample. For comparison, the mea- ple bias, therefore thé—V represents the reverse-bias
sured/-V is given ast symbols in the plot. Asshown  region in a metal/semiconductor contact structure.

in Figure 11, the calculated and measwed curves

Arrays of nanoclusters on
T T r T T T r I . semiconductor substrates

- ] Chemical self-assembly can be used to fabricate hexag-
Y onal close-packed monolayers of nanoscale clusters on
a semiconductor surface. This nanoscale ordering of
individual nanoclusters can be further combined with a
procedure whichimposes alarger-scale patternto break
the symmetry of the uniform ordered self-assembled
elements in controlled ways, imposing arbitrarily engi-
X i neered patterns which provide non-uniform intercon-
nections and directionality.

4+ Unpatterned self-assembly

4 A simple method of forming monolayer arrays of

4 Au nanoclusters is to spread a few drops of a

+ colloidal solution containing nanoclusters on a flat
.2 solid substrate. As the solvent evaporates, the nano-
clusters spontaneously organize into close-packed
arrays. There are many examples of Au nanoclus-
5 | ters arrays studied by STM that have been fabricated
on a variety of substrates, but in many cases, the
1 1 : 1 : 1 . 1 . arrays were not formed on semiconductors. Exam-
Figure 11 Calculated/— (solid) and measured—v (+ sym ples include unpatterned Au nanocluster arrays fabri-

bc?ls) for a Au cluster nanocontact on an undoped LT}(IB:GaAs cated on Mog(Andres et a'l.,.19.96b), on Au subsrates

capped sample. The voltage axis is the positive bias applied (Houbertz et al., 1994; Bigioni et al., 1999), and on
to the sample and corresponds to the reverse-bias region in graphite substrates (Durston etal., 1997). Table 3 sum-
metal/semiconductor interface. marizes published results of array structures produced

Table 3 Summary of studies for fabrication of metallic nanoclusters arrays on semiconductors

Substrate Metallic Deposition Patterning Ordering Characterization Reference

(Thick, Solid)  cluster environment environment

MoS, Au ~4nm ex-situ Unpatterned 2-D ordered TEM Andres et al., 1996b
Au Au~1nm ex-situ Unpatterned 2-D non-ordered UHV STM Houbertz et al., 1994
Au Au~2nm ex-situ Unpatterned  2-D ordered UHV STM Bigioni et al., 1999
Graphite Au~1nm ex-situ Unpatterned  2-D ordered UHV STM Durston et al., 1997
Si Au~2.6nm ex-situ Patterned 2-D non-ordered  SEM Vossmeyer et al., 1997
SiG,/Si Au~2nm ex-situ Patterned 2-D non-ordered SEM Sato et al., 1997
SiO,/Si Au~2nm ex-situ Patterned 2-D non-ordered  AFM Parker et al., 1999
SizN, Au~1nm ex-situ Patterned 2-D non-ordered SEM & TEM Clarke et al., 1997
GaAs As~ 16 nm in-situ Patterned 1-D non-ordered  TEM Hung et al., 1999

GaAs Au~5nm ex-situ Patterned 2-D ordered SEM & UHV STM Liu et al., 2000
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by the self-assembly of hanoscale metallic clusters on  Au nanocluster monolayer arrays similar to the array
thick solid substrates. shown in Figure 12 were transferred onto a LTG:GaAs

Only afew examples of self-assembled cluster arrays semiconductor substrate previously coated with a SAM
on semiconductors have been reported. The drop cast-of the XYL tether molecule. GaAs with a Be-doped
ing method, although it is easy to implement, cannot LTG:GaAs surface layer was used for the substrate
be used to fabricate large-area, well-ordered arrays. (see Figure 6). Figure 13 is a UHV STM image of the
To form a large-area, well-ordered monolayer array of Au nanocluster arrays transferred from a water surface
Au nanoclusters, a different technique was developedto an XYL-coated Be-doped LTG:GaAs substrate.
(Liu etal., 2000). A colloidal solution of dodecanethiol A well-ordered hexagonal close-packed structure was
(DDT) encapsulated Au clusters in hexane was spread observed. This image indicates that the interface layer
over a water surface. Upon solvent evaporation, the Au of XYL provides a robust mechanical tethering of the
nanoclusters spontaneously organized into a hexago-Au nanoclustersto the LTG:GaAs surface and electron-
nal close-packed monolayer array at the air/water inter- ically links the Au clusters to the LTG:GaAs surface
face. This monolayer was then transferred onto the via the nanocontact mechanism described above. The
semiconductor substrate by gently touching it with the center-to-center distance between neighboring clusters
substrate. was determined to be. I+ 0.6 nm, a result consis-

In order to verify the local and long-range order- tent with that obtained from a parallel TEM study
ing of the cluster arrays, the arrays were also trans- (~8.3nm) (see Figure 12). The highly ordered array
ferred to an amorphous carbon film supported on a extended over 0.1um, which is the maximum scan
copper grid. A TEM micrograph of such a mono- size of the UHV STM.
layer array is shown in Figure 12. It reveals a highly =~ Representativé—V curves obtained for the sample
ordered, hexagonal close-packed array of Au nano- shown in Figure 13 are shown in Figure 14, for the case
clusters. The relative orientation of the clusters in this where the STM tip is directly over three cluster sites
array is preserved over microns, with a cluster vacancy (solid curves A) and for the case where the STM tip is
density of ~ 10~ times the cluster density~2 x positioned between clusters (dashed curve B). As was
10" clustergcm?). The Au nanoclusters in Figure 12 observed in previous experiments with isolated clusters
have a mean diameter of54 0.6 nm and an aver-
age edge-to-edge spacing o1 & 0.2 nm. This spac-
ing 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.

Figure 12 A TEM micrograph of a hexagonal close-packed

monolayer of DDT encapsulated Au nanoclusters transferred Figure 13 A 50nm x 50nm UHV STM topographic image
from a water surface to a carbon TEM grid. The inset is a of close-packed 2-D array of Au nanoclusters tethered to the
100nm x 100nm enlarged view of the cluster array. (From XYL-coated Be-doped LTG:GaAs, acquired with, = —1.2V

Liu et al., 2000.) and/. = 0.1 nA. There is a defect site (vacancy) in this image.
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Rag[ T I LR AR ! .- Patterned self-assembly
o ¥
o &) Realistic nanoelectronic device applications require a
B ;.v’ precise control in positioning of the nanoscale clusters
0.05 - on a semiconductor substrate. Several methods have
= / B been proposed to realize this spatial positioning.
: L E As summarized in Table 3, Vossmeyer et al., used
[y e a light-directed, selective deposition technique to pro-
3 A duce patterning of passivated Au nanoclusters (2.6 nm
Y _p.os '__f in diameter) onto a Si substrate (Vossmeyer et al.,
Fa 1997). Another approach using electron-beam litho-
.',p':-‘ graphy or photolithography lift-off techniques yielded
T ,/ Solid {A): on clusner sate results that are shown in Figure 15. Following this
# Dashed (B): off clusser site approach, Au nanoclusters were selectively deposited
-0.15 o

1.5

1.0

n o

0.0 0.5

on pre-patterned regions on a $iSi substrate (Sato
et al., 1997; Parker et al., 1999) and gN\gisubstrate

Sample YVolinge (V]

(Clarke et al., 1997). Following yet another approach,

Figure 14 [-V data taken with the STM tip positioned over on- Hung et al.,, used crystal strain to direct assembly

cluster sites (solid curves A) and over an off-cluster site (dashed Of nanoP?-rti_CleS (arsenic preCiPita_teS16 nm in dia-
curve B) withl,, = 0.15nAandV., = —1.2V. Insetpictureisa ~ Mmeter) within GaAs-based epitaxial layers grown at

25nmx 25nm UHV STM image of array of Au clusters tethered  low temperature by MBE (Hung et al., 1999). They

to XYL-coated Be-doped LTG:GaAs, acquired with = 0.1 nA observed 1-D arrays of arsenic nanoparticles in these

andVee = —1.2V. 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
(Leeetal., 2000a), areasonably linéa is observed  gyrong electronic coupling between the nanoclusters
when the tip is positioned over a cluster. The difference 41,4 the semiconductor.

in shape of thé—V curve between the tip ‘on’ and ‘off’

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 clusters in
the ‘off-cluster’ case due to the finite end form of the
tip which was estimated to be 10-15nm 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 thej
intercluster coupling. It has been shown to be possi- §
ble 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.,

relative strength of the intercluster electronic cou-
pling with respect to the coupling to the semiconduc-
tor device layers. If the intercluster coupling is made @
much stronger than the cluster-to-semiconductor cou-
pling, the resulting patterned array structure representSgig re 15 An SEM micrograph showing an example of pat-
an interesting interconnect structure which has been terned, 20 nm Au colloidal particles on SiSi. (From Sato et al.,
termed a ‘molecular ribbon’ (Datta et al., 1998). 1997.)
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Toward this purpose, a combination of soft litho- SEM cannot resolve individual clusters, the contrast
graphy using microcontact printing and directed self- between the two types of regions indicates that the
assembly has been developed to produce patterneduse of patterned tether regions has resulted in depo-
arrays of Au nanoclusters (Liu et al., 2000). A pre- sition of Au nanocluster arrays primarily within the
fabricated pattern of tethering molecules is first selected regions. The lines and cells illustrated in this
transferred to the semiconductor surface using micro- pattern represent two important structures for defin-
contact printing (Kumar & Whitesides, 1993; Xia & ing computational structures and the interconnections
Whitesides, 1998). Then a large-area close-packedbetween such cells. The width of the patterned lines are
array of Au nanoclusters is transferred to the substrate ~ 3y, but both the stamp pad patterning of XYL tether
using the process described in the previous section. molecule and the deposition of nanocluster arrays on
Finally, a solvent rinse is used to remove nanoclusters the surface should be applicable to patterns with deep
from the regions not coated with the tether molecule. submicron dimensions.

In particular, a SAM of XYL was deposited in pre- The short-range order in the cluster covered regions
defined regions on a LTG:GaAs substrate using micro- was investigated using UHV STM as shown in
contact printing. This serves as a tether template for Figure 16(b). In images obtained with smaller scan
Au nanoclusters. Previous studies have shown thatsizes, the hexagonal facets of individual Au clusters
SAMs of alkanethiols can be used as electron-beam were clearly visible. The well-defined, stable STM
photoresists on GaAs with resolutions below 10 nm images verify thatordered arrays were transferred to the
(Lercel etal., 1996). In the current study, double-ended XYL-coated regions onthe LTG:GaAs surface and that
XYL was selected to provide the patterned tether. Con- the clusters are well tethered mechanically and elec-
ventional photoresist based techniques are generallytronically to the surface. By introducing conducting
not suitable for directing the self-assembly due to the molecules between patterned Au clusters, the result-
associated nonplanarity of the surfaces, potential for ing patterned array structure might posses interesting
molecular level contamination, and the possibility of interconnect possibilities.
interactions between the chemicals used in the photo-
resist processing and the self-assembly deposition.

A patterned array of Au nanoclusters on LTG:GaAs Conclusions
fabricated by this technique was imaged using a SEM,
asshownin Figure 16(a). Inthisimage, the lightregions Research on the electronic properties of metallic nano-
are the bare LTG:GaAs substrate and the dark regionsclusters deposited on semiconductor substrates have
are covered by Au nanocluster arrays. Although the been summarized. These structures are of potential

i}

Figure 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 8@mm UHV STM topographic image of the Au nanoclusters
in the XYL defined regions on the LTG:GaAs substrate, acquired fyith- 200 pA andVs,, = —1.5V. (From Liu et al., 2000.)



360

interest for nanoelectronic device applications. Current Brust M., M. Walker, D. Bethell, D.J. Schiffrin & R. Whyman,
efforts in this area are focussed on nanometer-scale 1994. Synthesis of thiol-derivatised gold nanoparticles in a
single-electron devices, Schottky diodes, and ohmic tWO‘pggzse liquid—liquid. J. Chem. Soc. Chem. Commun. 1994,
nanocontacts. Efforts to pattern these nanoclusters in ... D.L., M. Wagner, M. Rhle & D.A. Bonnell, 1997.
pre-defined ways on semiconductor substrates have gchotky-barrier formation at nanoscale metal—oxide inter-
also been reviewed. The reported results may wellform  faces. Phys. Rev. B55, 9792-9799.
a viable technigue for high throughput fabrication of Chao L.C. & R.P. Andres, 1994. Synthesis of a supported metal
future nanoelectronic devices. catalyst using nanometer-size clusters. J. Colloid Interface
Sci. 165, 290-295.
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Figure 11. Calculated J—V (solid) and measured J—V (+ sym-
bols) 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.



