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The development and characterization of high-performance nanocontaciGdaés are reported.

The nanocontacts can be made to both undoped mddped low-temperature-grown GaAs
(LTG:GaAs cap layers. The geometry of the nanocontact is well characterized and requires the
deposition da 4 nmsingle-crystalline Au cluster onto an ohmic contact structure which features a
chemically stable LTG:GaAs surface layer prepared usingearsitu chemical self-assembly
technique. A self-assembled monolayer of xylyl dithiol (HS—SB¢H,—CH,—SH) is required to
provide mechanical and electronic tethering of the Au cluster to the LTG:GaAs surface. For the case
of an undoped LTG:GaAs cap layer, a specific contact resistance @D1° () cn? and a current
density of 1x10° A/cm? have been measured from scanning tunneling microscopy. When a
p-doped LTG:GaAs cap layer is used, the corresponding values &r#01’ Q cn? and 1

X 10" Alem?, respectively. Improved surface stability as evidenced by a lower oxidation rate for
p-doped LTG:GaAs provides a natural explanation for the higher-quality ohmic contact properties
of the nanocontact to the-doped LTG:GaAs cap layer. @000 American Institute of Physics.
[S0003-695(100)03002-3

As reported earlier, nonalloyed ohmic contacts are poexcept for the doping in the LTG:GaAs cap layBe doped
tentially useful for nanodevice applications since they areat 2x 10?°°cm™2 for the p-doped case The large density of
free from a deep interface and they possess high spatiahidgap states in LTG:GaAs pins the bulk Fermi level within
uniformity.! Low resistance nonalloyed contactsrtieGaAs  a few tenth of an eV above midgap, regardless of the doping
can be realized by employing a surface layer of low-level? The controlled-geometry nanocontact was obtained by
temperature-grown GaA&TG:GaAs, i.e., GaAs grown at a depositig a 4 nmsingle crystalline Au cluster onto the
temperature of 250—300°C by molecular beam epifaxy.LTG:GaAs based ohmic contact structure usieg situ
Large areaex sity nonalloyed ohmic contacts employing a chemical self-assembly techniques. A self-assembled
chemically stable LTG:GaAs surface layer can provide amonolayef of xylyl dithiol (HS—CH—CgH,~CH,—SH) de-
specific contact resistanced below 1x10 6Qcn?® A noted as XY1) provides mechanical and electronic tethering
nanometer scale contact with comparable performance h#&f the Au cluster to the LTG:GaAs surface. Details of the
also been demonstratéd. semiconductor layer structure and the nanocontact fabrica-

In this study, we extend the previous work to the devel-tion have been presented previously.
opment and characterization of high performance nanocon- A separate ellipsometric study of XYL-coated
tacts ton-GaAs using both undopeth-type) and p-doped LTG:GaAs indicated that the XYL-coated LTG:GaAs is a
LTG:GaAs cap layers. A model explaining the difference instable surface even under air expostitgs believed that the
the contact properties between the samples is proposed. sulfur to GaAs bond provides passivation comparable to that

To assess the differences between the contact behavigpserved in studies involving elemental sulfur, with addi-
to n-GaAs using undoped amtdoped LTG:GaAs cap lay- tional stability provided both by the characteristics of the

ers, two wafers were prepared with similar vertical structured- TG:GaAs and the organic tail of the XYL molecuie’ A
patterned XYL layer has been used as an etch mask for wet

a o . chemical etching of the GaAs layers by covering these mol-
Electronic mail: takhee@physics.purdue.edu . 7

YNew address: Dept. of Elect. Eng., Yale University, New Haven,ecuIes on a_Certam area of the sample su aC(_E. )
CT 06520. A ultrahigh vaccum(UHV) scanning tunneling micros-
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FIG. 1. -V data taken with the tip positioned over the XYL-coated sub- f’ 100.0
strate(dashed and over the Au clustesolid) with | .= 0.8 nA and—1.0 V g
(Aand O, —0.6V (B and D for V. Inset picture is a 2820 nm STM £ 10.0}
topographic image of Au cluster tethered to the XYL-coated LTG:GaAs, © "
acquired withl =1.0 nA andV,=—1.0 V. 1.0y
0.1 L L
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copy (STM) was used to locate and probe the electronic Relative tip position (nm)

properties of the nanocontacts. F|gur_e 1 S_hOWS a series @{g 5 (3 |-V data from a Au cluster acquired with=50 nA (A), 100

measured current—voltagel {V) relationships for cases na (B), and 200 nAC) andV..= — 1.0 V. (b) log(l) vs relative tip position

where the STM tip was positioned over a Au clugiairves  above Au cluster, at constaM=—1.0V for undoped LTG:GaAs cap

C, D) and over the XYL-coated LTG:GaAs surfatg, B). Iay_er(dotted ling gnd for p-doped cap Iayefsolid line). The initial sepa-
.,_ration corresponding tb;.=0.5 nA and 3.0 is plotted at zero and -a0.5

When| -V was measured over a Au cluster, the data exhibqm for undoped ang-doped LTG:GaAs, respectively.

ited an ohmic behavior with a significant enhancement in the

conduction for low bias voltages compared teV data over

the XYL-coated substrate, regardless of the dopant type

LTG:GaAs cap layer.

The ohmic behavior is found to persist to higher tunnel
currents. When an undoped LTG:GaAs cap layer is probed,
ohmic |-V characteristics were observed up 630 nA
when the tip is positioned over a Au clustewhen |-V The values ofp, determined from the above-V measure-
measurements were attempted at larger current levels, thaents provide an upper limit for the contact resistance of
STM tip was observed to dislodge the Au cluster. For thesghese contacts because there may still be a non-negligible
high currents, the STM tip comes so close to the cluster thatomponent of resistance due to the tip-cluster gap.
it mechanically damages the nanocontact. For the case of a The data from the undoped LTG:GaAs cap lajgotted
p-doped cap layer, the ohmic behavior persists to higher tuntine) in Fig. 2 (b) was discussed in the previous stddyrom
nel currentgup to 200 nA without damaging the Au cluster, the saturation current,, (dashed horizontal line; 100 nAa
as shown in Fig. @). pc=1x10"%Q cm? and a maximum current density.,

In order to determing. and set realisitic limits on the =1x10° A/cm? were determined for this nanocontact. Com-
maximum current capability of the nanocontact, a techniqugpared with undoped LTG:GaAs, @doped LTG:GaAs cap
measuring | versus the tip-cluster spacifd(z)] is layer[solid curve in Fig. 2(b)] does not show a saturation
preferablét If the tip contacts the cluster, the tip-to-cluster effect. Instead, the log) vs z relationship remained roughly
resistance is expected to become negligible, so the currefihear up to 1000 nA, the measurement limit of our system.
will saturate at a value dictated by the resistance between thehis means that the tip is still not in close contact to the
cluster and the semiconductor substrate. The latter resistanctuster surface. Using the maximum curréh®00 nA for
is the contact resistance for the nanocontact. Figufi® &  the p-doped LTG:GaAs capped sample, we determined an
the plot of I(z) obtained with the tip positioned over a upper bound fop, of ~1x10™ 7 Q cn? and a lower bound
~4-nm-high Au cluster on undoped LTG:Gakdotted ling@  for Ja, of ~1x 10" Alcm?.
and p-doped LTG:GaAgsolid line) which have been passi- A quantitative conduction model has been developed re-
vated by the organic XYL layer. cently for the metal-semiconductor ohmic contact structure

In this plot, the initial height of the tip above the cluster employing LTG:GaAs. The model can be extended to the
was set by specifying ainandV,; negative values for the nanocontact case by considering the XYL as a thin layer of a
relative tip position represents tip motion towards theleaky dielectric between the cluster and the semiconductor
sample. Data for the-doped sample was shifted by 0.5 nm layers. A small resistance due to tunneling between the Au
to account for difference in initial heights due to different setcluster and the GaAs conduction band requires a small sur-
conditions. Thep. of this ohmic contact can be estimated face barrier at the semiconductor interface. Several experi-
due to the well-characterized, single crystalline Au clustersnents provide evidence for the control of this surface barrier
used in this study. From geometrical considerations, the arday the XYL and LTG:GaAs layers, and provide evidence for

df‘ of a Au(11)) facet on a~4-nm-high, truncated octahedral
cluster is~9x10 *cm?. Therefore thep, can be found
from

pe=(V/lgA. 1)



214 Appl. Phys. Lett., Vol. 76, No. 2, 10 January 2000 Lee et al.

a reduced barrier height ip-doped LTG:GaAs when com- |ayer, a p. of ~1x10 ¢Qcn? and a J,. of ~1
pared to the undoped layer. This is qualitatively in agreement; 1f A/cm? have been measured from UHV STM current-
with our data. voltage spectroscopy. Whenpadoped LTG:GaAs cap layer
For example, Holderet al*® studied the surface band s ysed, the corresponding values aréx 10~7 Q cn? and
bending of thickn- and p-doped LTG:GaAs surface layers 1 x 107 A/lcm?, respectively. The difference in the contact
without XYL. Following prolonged air exposure, the properties between the samples can be qualitatively ex-
n-dope.d I._TG:GaAs layer shpweq midgap surface F_efmblained by the better surface stability pfdoped LTG:GaAs
level pinning. The band bending ip-doped LTG:GaAs is  and the presence of midgap states near the Fermi level. Al-
still n type (upward band bendingas a consequence of the thoygh the focus of the present work has been to characterize
large number of donor-like defects, but it was nearly flat,the electronic properties of the nanocontact, a similar ap-
indicating a reduced surface-stateharge density in the proach, i.e., a molecularly uniform, low-dielectric insulator

p-doped LTG:GaAs. X-ray photoemission SpectroscopYyhich controls the surface potential, should also be useful
(XPS) measurements of undoped LTG:GaAs indicate thator realizing low resistance large area contacts.
the time constant for significant oxidation of the surface is
longer than one hour at atmosphéteDuring nanocontact This work was partially supported by DARPA/Army Re-
fabrication, the surface oxide is stripped using HCl immedi-search Office under Grant No. DAAH04-96-1-0437, NSF
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that this oxide strip temporarily restores the surface FermAFOSR Grant No. F49620-96-1-0234A. The authors would
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