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An ohmic nanocontact to GaAs
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The formation and characterization of nanometer-size, ohmic contacty/fie GaAs substrates are
described. The nanocontacts are formed between a single-crystalline, nanometer-size Au cluster and
a GaAs structure capped with layer of low-temperature-grown G@A&G:GaAs. An organic
monolayer of xylyl dithiol @-xylenew,a’- dithiol; CgH,¢S,) provides mechanical and electronic
tethering of the Au cluster to the LTG:GaAs surface. TH€) data of the Au cluster/xylyl dithiol/

GaAs show ohmic contact behavior with good repeatability between various clusters distributed
across the surface. The specific contact resistance is determined ta 1@ 4 Q cn?. Current
densities above X 10° A/cn? have been observed. @999 American Institute of Physics.
[S0003-695(199)02719-9

There have recently been numerous examples of protadefects are observed as a band of states located in the GaAs
type electronic devices having nanometer-scalegap. These states prevent the GaAs surface from rapidly oxi-
dimensions:™ A requirement of many of these nanodevicesdizing due to the relatively low concentration of minority-
is the presence of nearby contacts having dimensions of oearrier holes in the surface layé¥.
der 1 um or greater. Thus, even though the device has Ex sity nonalloyed ohmic contacts employing a
shrunk well into the nanometer scale, the contacts to th€ TG:GaAs surface layer can provide specific contact resis-
device still require areas 10°—10* greater than the active tivity (p.) below 1x 1076 Q cn?.® These contacts may be
device. Nanocontacts having dimensions comparable to appropriate for nanometer-scale device applications since
nanodevice will be required to alleviate this difficulty in the they would not suffer from the deep interface and spatial
future. nonuniformity of Au/Ge/Ni contacts. Several device applica-

The demands on nanocontacts are quite stringent. In pations have been demonstrated for this contatut to date,
ticular, suitable nanocontacts must provide low contact resisto the best of our knowledge, the uniformity, performance
tance and must be spatially uniform at the nanometer-lengthnd suitability as a nanocontact have not been discussed.
scale. This requirement presents significant problems foThese important issues are addressed in this letter.
nanocontacts based on any alloying process. For instance, in  The GaAs layer structure used in this study, shown in
compound semiconductor devices based on GaAs, conveig. 1, employs a thifl0 nm layer of LTG:GaAs to facili-
tional contacts such as alloyed Au/Ge/Nimitype layers are tate a high-quality, nanocontact " GaAg100 layers
spatially nonuniform and also consume a significant surfacgrown at standard temperatures. To form a reliable electrical
layer> contact at the nanoscale, an organic monolayey-rylene-

Low-temperature-grown GaAd TG:GaAs, i.e., GaAs a,a’- dithiol (CgH,5S,), also denoted as xylyl dithiol
grown at a temperature of 250—300 °C by molecular beaniXYL), is used to tether a nanometer-size Au cluster to the
epitaxy, shows many interesting electronic properties thak TG:GaAs layer. The lateral dimensions of the Au cluster
have been attributed to the1%—-2%excessarsenic incor- thereby determine the size of the nanocontact. This structure
porated during growtA.For as-grown material, the excess can be used to contact active devi¢esbe incorporated at a
arsenic results in a high concentration 1.0x 10?°cm™3) of  |ater dat¢ from above.Ex situprocessing in a dry nitrogen
point defects, primarily as arsenic antisite defécEhese atmosphere was used to deposit the XYL monolayer. The
deposition involved soaking the sampfea 1 mM solution
dpermanent address: Motorola Inc., Austin, Texas 78721. of XYL in acetonitrile for 12—-18 h, followed by thorough
YElectronic mail: rr@physics.purdue.edu rinsing in acetonitrile.
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FIG. 1. A schematic diagram of the nanocontact structure showing the GaAs 10 C.D: on cluster
epitaxial layers, the xylyl dithiol monolayddetail in inset, the deposited £ : ' :
Au cluster encapsulated with dodecanethiol, and the STM tip. -1.0 -0.5 0.0 0.5 1.0

Sample Voltage (V)

Representative samples of the LTG:GaAs-capped andiG. 2. 1(V) data taken with the tip positioned over the XYL-coated sub-
the XYL-coated |ayers were characterized using e||ip50mistrate(dasheq1 and over the Au clustgsolid) with | ;.= 0.8 nA and—1.5 V

: - 11 : . [(A)and(©)], —1.0 V[(B) and(D)] for V. Inset picture is a 2825 nm
croscopy for surface Imaglr@MSl)’ an elllpsometrlc Im STM topographic image of Au cluster tethered to the XYL-coated

aging t_eChnique with submonolayer Sen§itiVity and_a Sp'a-tiall_TG:GaAs, acquired with 4o=1.0 nA andVe=—1.0 V. The apparent
resolution of~3um. EMSI can characterize the uniformity Ilateral dimensiof13 nm is considerably broadened by tip convolution, but
and Stablhty Of a th”“(monolaye} CoaUng as a funcuon Of the helght(34 nn’) is close to the diameter of the cluster.

position and time. The EMSI images on uncoated LTG:GaAs

indicated that the optical properti¢ise., complex refractive  The Au clusters were observed to remain stable and did not
index) varied with time, which can be attributed to a slow exhibit any damage. These observations indicate that the
and uneven oxidation of the LTG:GaAs surface. The XYL-c|usters are well tethered to the LTG:GaAs cap layer, in
coated surface was observed to be uniform and stable, withgreement with previous studies when Au clusters were teth-
no significant change in the EMSI images detected duringred by XYL molecules to a flat gold substraté?
several hours of exposure to atmosphere. This result suggests The electronic properties of the Au nanocontacts were
the presence of a uniform, monolayer coverage of XYL oninvestigated by comparing a series I§iV)s obtained with
the LTG:GaAs. the tip positioned over the Au cluster and over the XYL-
Controlled-geometry nanocontacts were formed on theoated LTG:GaAs substrate. Representati(®) data are
coated LTG:GaAs by depositing dodecanethiolgiven in Fig. 2. When compared to the XYL-coated sub-
[CH3(CH,),;,SH] encapsulated Au clusters having controlled strate, the nanocontact is found to exhibit an ohmic behavior,
mean diameters of~4 nm. The single-crystal Au clusters with a significant enhancement in the conduction for low
were synthesized using a multiple expansion cluster sourdgias voltages.
(MECS).** The random position of the Au clusters across the  The ohmic behavior is found to persist to higher tunnel
semiconductor surface allows assessment of the uniformitgurrents as shown in Fig(&, which shows thé (V) behav-
of the nanocontacts. In the resulting structdiféy. 1), the ior for a current up to 30 nA when the tip is positioned over
XYL molecules provide both an effective mechanical tether-a Au cluster. In order to determing. and the maximum
ing and a strong electronic coupling between the Au clustersurrent capability, the current was measured versus the
and the LTG:GaAs surface. Since the XYL molecules have d@ip—cluster spacing?), [1(z)]. As the tip contacts the clus-
thiol (=SH) end group at each end, these molecules are ideaér, the current is expected to saturs&igure 3b) is a plot
for forming a chemical bond to both the LTG:GaAs and toof 1(z) obtained from the same Au cluster, with the tip
the faceted surfaces that are present on the Au clusters, tineoved by a total of 1.5 nm from an initial height.
latter via a displacement reaction. The XYL molecules also  The Au cluster/XYL/GaAs system can be modeled by
serve as a molecular wire by establishing a conduction pattwo resistors in serief®; andR,, whereR; represents the
from the Au cluster to the substrate. equivalent tunnel resistance between the STM tip and the Au
An UHV STM was used to locate and probe the elec-cluster andR, represents the equivalent contact resistance
tronic properties of the nanocontacts. The same STM wabetween the Au cluster and the GaAs substfaée Fig. 1
also used to study the root-mean-squanes) surface rough- Coulomb blockade effects, observed in earlier stutfié$,
ness of the as-grown LTG:GaAs and of the XYL-coatedare not expected to occur here because of the relatively large
samples before depositing Au clusters. Representative valuaize of the Au clusters employed. The data in Figp) 3how
for the rms roughness over an area of 1004100 nm were that for a relative tip displacement of less than 0.7 nm, the
~0.4 nm for the as-grown LTG:GaAs and0.7 nm for the  tunnel current increases exponentially with tip—cluster sepa-
XYL-coated sample. ration, indicating thaR; is dominant. As the separation be-
After depositing Au clusters, the stability of the nano- tween tip and cluster decreases, the current saturates and
contacts were checked by performing 100 consecutive imapproaches an asymptotic value, indicated by the horizontal
ages over an 80 min period of time. From these measuredashed line in Fig. ®). In this limit, the measured resistance
ments, thexy-drift rate was determined to be about 0.9 nm/is approximately equal t&,.
min. This should be compared to the time interval requiredto  The value ofp,=R,X.4 can be obtained using an esti-
obtain a complete set df(V) data, which is less than 1 s. mate of the contact ared between the Au cluster and sub-
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30 @ " " " within the LTG:GaAs layer, and therefore, that the effective
20} ] area for conduction into the-doped layer is somewhat
g 10t larger than the faceted area of thel nm Au clusters. Be-
et ol cause of this current spreading, the valueRgf and there-
5 fore thep,, is expected to be dominated by the first of the
§ -0t two terms described here.
—20} In conclusion, we have developed and characterized a
-30 . . . nanometer-scale, ohmic contact to LTG:GaAs using molecu-
-1.0 -05 00 05 1.0 lar wire technology. Au clusters, deposited on the cap layer
Sample voltage (V) of LTG:GaAs, are found to be well tethered to the LTG-
:GaAs substrate by a monolayer of XYL molecules. The
1000.0¢ ' ' I(V) characteristics of the Au cluster/XYL/GaAs nanocon-
100.0F - tact exhibits an ohmic behavior with a specific contact resis-
2 tance of~1x10 % cn?. This result compares favorably
2 ool to reported values in the mid 10Q cn? range obtained
g from studies using 4pmx 100 um contact pads Using this
S 1.0l procedure, ohmic nanocontacts to buried active devices now
() = seem feasible, especially if the Au cluster can be used as a
0.1

self-aligned etch mask to delineate the structure of interest
o - from the surrounding substrate, thereby allowing significant
Relative tip position (nm) current to be channeled through it.
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