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A multiple-tip ultrahigh vacuunfUHV) scanning tunneling microscog®ITSTM) with a scanning
electron microscop€SEM) for imaging and molecular-beam epitaxy growth capabilities has been
developed. This instrumer(nanoworkbenchis used to perform four-point probe conductivity
measurements atm spatial dimension. The system is composed of four chambers, the multiple-tip
STM/SEM chamber, a surface analysis and preparation chamber, a molecular-beam epitaxy
chamber, and a load—lock chamber for fast transfer of samples and probes. The four chambers are
interconnected by a unique transfer system based on a sample box with integrated heating and
temperature-measuring capabilities. We demonstrate the operation and the performance of the
nanoworkbench with STM imaging on graphite and with four-point-probe conductivity
measurements on a silicon-on-insulai®OI) crystal. The creation of a local FET, whose dimension

and localization are, respectively, determined by the spacing between the probes and their position
on the SOI surface, is demonstrat@. 2005  American Institute  of

Physics. [DOI: 10.1063/1.1878213

I. INTRODUCTION crometer levels. For this reason, it is desirable to implement
In order to measure the electrical conductivity of Sur_mstruments with smaller probe-to-probe distances.

faces and the influence of adsorbates on conductivity, it is Recently, -the development of multiple-probe instruments
desirable to perform local four-point conductivity measure-107 conductivity measurements has been repo?t@i:‘l?l
ments. The typical in-line setup with four probes involvesProbe configuration measurements have been perfdfihed
driving a current between the two outer probes while mea2s Well as four-point probe measureméfitS.One reported
suring the resulting voltage drop between the inner twdnstrument utilized four parallel insulating cantilevers, which
probes using a high-impedance voltmeterl0 G in our  cannot be driven independently, fabricated by a conventional
cas@ so that very little current is drawn. This yields a silicon processing techniqd&!? Another approach is based
current-voltage(l-V) curve dependent on the separatin on four independently-driven probes for conductivity mea-
between the probes. It has a strong advantage over the twgurements in ultrahigh vacuuhi*

probe measurements since it eliminates measurement error \ve report the development and operation of the Nano-

due to probe resistance and the contact resistance betwegl kbench (NWB), a multiple-chamber ultrahigh vacuum
the substrate and the probes. The four-terminal configuratiog, <tem based on a multiple-probe STM/SEM instrument de-

also presents the advantage of being more versatile, provides gned to perform four-point-electrical measurements. Each

that the probes can be controlled independently, allowing not : .
L ) of the four probes of the multiple-tip system can be operated
only in-line measurements but also van der Pauw configura-

tion electrical conductivity measurements in which themdependdently "_’ls aSITM W't_h nlanomlete_r-scafll_(ra].lateral r_‘]f‘_sf"“'
probes are placed in a square or rectangular configurafion. tion an. atomic-scale vertlpa reso l_mon' Is speciiicity
Four-point-probe instruments are commercially availablegrea“y increases the potential of the instrument for conduc-
but the spacing between the probes is usually fixed and tovity measurement at submicrometer levels by allowing pre-
large to be able to probe structures at micrometer or submFise positioning of the probes and characterization of the
surface or object of interest. The NWB also features a sur-
dpresent address: Universitit Erlangen, 92058 Erlangen, Germany. face analySlS and preparation chamber equlpped With Stan,-
YAuthor to whom correspondence should be addressed; electronic maiF.jard surface science tools as well as a molecular-beam epi-
jyates@pitt.edu taxy system.
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molecular pump(Leybold, Pfeiffer, and Shimadzuand a
titanium sublimation pumgThermionics—model SB-1020

A common roughing line is used for the three experimental
chambers. The pumps can be isolated from each other via a
system of valves and gate valves. Pressure measurement in
the system is achieved through cold-cathode galg&sS—
model 421 cold cathode sengoand pressure in the low
10719 mbar range is routinely achieved for each chamber af-
ter bakeout. In addition, the load—lock chamber is pumped
separately by a mechanical pump coupled with a 150 L/s
Leybold turbomolecular pump. A pressure 0ok308 mbar

is achieved within 11/2 hour and an ultimate pressure of
6 107° mbar is readily achieved in the load—lock chamber
without bakeout after 24 h.

The surface analysis and preparation chanjbee Fig.
1(b)] is equipped with standard surface science tools, includ-
ing a Perkin-Elmer Cylindrical Mirror Analyzer for Auger
electron spectroscopyAES model 10-15h a hemispherical
Leybold-Heraeus EA-10 electron analyzer combined with a
dual Mg/Al anode x-ray source for x-ray photoelectron spec-
troscopy(XPS), a UTI-100C quadrupole mass spectrometer
(QMS), a homemade reverse view low-energy electron dif-
fraction analyzefLEED), an ion sputter gun and a gas dos-
ing system. An XYZ manipulator with heating and cooling
capability is used as a receiving stage for the sample box.
The MBE chambefsee Fig. 1b)] is used for thin film depo-

sition, doping or growth of quantum dots. It contains three
3 kW solid-source electron-beam evaporatoflsiDC—
evap300Dand one 100 W wire sourdDC—evap100Q. A
quartz crystal microbalancé€QCM—Sycon model STM-

r 100 is used to monitor thin film growth. Each evaporation
FIG. 1. (a) Schematic image of the Nanoworkbench) overview of the source can be_ isolated via a shutter mounteq on a_ linear
Nanoworkbench showing a multiple-tip STM/SEM chambeft), a surface  f€edthrough. Finally, the STM/SEM chamber is equipped
analysis and preparation chamber in the center featuring standard surfageith four nanomanipulatoré&leindiek Nanotechnik—model
science tools and a molecular-beam epitaxy chanii8E) on the right  NM3 and MM3a holding etched Ptir probeig. 1). The
equipped with Ge, Si, and C evaporation sources. Additionally, a load-lock dditi f UHV-SEMFEI del 2LE-EVA b d
chamber allows for fast and easy transfer of the samples and probes folloy2@dIlION OF an - -SEM( —mode -EVA _ase on

ing two transfer axes. Axis 1: load-lock/preparation chamber/STM-SEM& Schottky emitter source allows fast and precise approach
chamber and axis 2: MBE chamber/preparation chamber. and positioning of the probes. The STM/SEM chamber also
features a UTI-100C quadrupole mass spectrometer, a gas
handling system as well as a probe-garage holding up to 10
tips and a sample box carougéiree sample spots

Aluminum Frame Load-Lock

Chamber

Il. OVERVIEW OF THE SYSTEM

A schematic image of the basic structure of the Nano-
workbench(NWB) is shown in Fig. 1a). Four STM na- ;. TRANSFER SYSTEM AND SAMPLE BOX
nomanipulators, oriented at 45° from the normal, and at 90° o
to each other, electrically probe a small region on the surfacé- Sample box and receiving stages
of a material of interest. They are guided by an SEM which  For the preparation of clean(@D0)-2x 1 surfaces>1®
images the surface and the tips. The sample is mounted onitais important to have precise control over the temperature of
positioning platform with X, Y, and Z motion. Attached to the sample in each UHV chamber. Moreover, it is desirable
the NWB are:(1) a chemical preparation and characteriza-to have a system which can accommodate samples with vari-
tion chamber; (2) a molecular-beam epitaxy chamber ous sizes and requirements. For this purpose a special trans-
(MBE); and (3) a fast-entry load lock chambdsee Fig. ferable sample box with integrated heating and temperature
1(b)]. Samples and probes may be transferred from thesmeasuring capabilities has been developed. As shown in Fig.
chambers to the NWB. The system was designed using A2 the sample box is made of OFHC copper with highly pol-
toCAD 14 software(Autodesk, Inc. in combination with ished outer walls. Four UHV-compatible male banana plugs
ACIS 3D Open VieweKSpatial Technology, Int.. The entire  (Transfer Engineering and Manufacturing—model BPBPM
system is mounted on an aluminum frame box designed anare tightly connected to the sample box and isolated from it
built as a highly rigid structure. with ceramic spacers. The outer plugs are made one of

Each chamber is equipped with its own pumping systemchromel and the other one of alumel. They are used for
a 500 L/s ion pumgLeybold), a 500 L/s magnetic turbo- K-type thermocouple connections. The inner plugs are used
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Resistve equipped with a similar set of female banana plugs. The
2em heating setup s . .
A receiving stage features a set of 2 mm diameter stainless
- Cerarmic bolts steel pins on each side to ensure rigorous alignment of the
A —d washers P g d

) sample box during transfer. In addition, each receiving stage
' features a liquid nitrogen reservoir for cooling the sample.

Tapered hole

for wobble- Guiding it

Stick trarsfer = fortransfer B. Transfer system

UHwcompatible The transfer system is articulated around two main axes:

Basana pluge Suinless sl axis 1: load—lock chamber—preparation chamber—STM/
insart wi ; . ;
tapered holes SEM chamber, and axis 2: MBE chamber—preparation

chamber, as can be seen in Figa)l Linear/rotary manipu-
FIG. 2. (Color onling. Sample box equipped with four UHV-compatible lators are used to transfer the sample throughout the system.
banana pluggmodels BPBPNI for heating and temperature measurements. |n gddition. two wobble sticks are mounted on the STM/
Stainless steel inserts are used to tightly grab the sample box for transf I
from one chamber to the next. A resistive heating device is mounted on thi?ElvI chamber to allow for easy transfer of the sample _bOX to
sample box. the STM stage and sample carousel as welirasitu tip
exchange. We use custom-made magnetically actuated

) . ) wobble-stick manipulatoré~errovag which are not affected
as electrical heating connections and are made of BeCu, 3% the pressure difference between atmospheric pressure and
stainless steel, and gold-coated for enhanced electrical P&fitrahigh vacuum, allowing the shafts of the wobble stick to
formance and reliability. The sample box is equipped withpe guided in a smooth and controlled way. Both linear/rotary
stainless steel inserts on each side. These inserts with taperﬁ%nipulators and wobble sticks are equipped with a stainless
holes match tapered pins on the transfer manipulator and atgeg| fork systen{pincer/grabber featuring jaws with two
used to grab the sample box for UHV transfer. stainless steel tapered pins at the end. These pins match the
‘The sample box can be equipped with either resistive Oktainjess steel inserts with tapered holsse Fig. 2 in the
radiative heating devices. Figure 2 shows the resistive hea&ample box and ensure enhanced stability during transfer of
ing setup with a 10 mm 5 mmx 0.5 mm S{100 crystal.  ihe sample box.
The crystal is resistively heated using noninteracting Ta con-  The typical transfer sequence is divided into four steps
tacts following a method described by Yatéglternatively, (see Fig. 3
the sample box can be equipped with a radiative heater
(Tectra—Boralectric—not shown hére (1) The linear transfer manipulator holding the sample box
Each UHV chamber is equipped with a receiving stage  @pproaches the XYZ manipulator.
such as the one shown in Fig. 3. The receiving stage is als@) Once the sample box is precisely positioned above the
made of OFHC copper—with highly polished inner walls ~ receiving stage, the XYZ manipulator is translated up,

closely matching the outer walls of the sample box, and is SO that the receiving stage houses the sample box.
3) Once the connection between the sample box and the

receiving stage is tight, the fork systefpincen at the
end of the transfer manipulator is opened, and

(4) the linear manipulator is moved away from the sample
box.

IV. MULTIPLE-TIP STM/SEM CHAMBER
A. Overview: nanomanipulators and XYZ table

The STM/SEM chamber is directly connected to the
preparation chambégsee Fig. 1b)]. Its core is a multiple-tip
scanning tunneling microscog®T-STM) combined with a
scanning electron microscoggEM).

1 Fork system The MT-STM assembly is shown in Fig.(4a: side view
Receiver Box mounted on and 4b: top view. It comprises four nanomanipulators mod-
manipulator els MM3 and MM3a(Kleindiek Nanotechnikmounted on a

_ ' _ stainless steel ring at 90° from each other in the horizontal
FIG. 3. (Color onling. Image of the sample box and receiver box in the plane [see Fig. Qb)] and inclined at 45° from the sample

preparation chamber. The transfer sequence is divided into 4 $igpkhe . . . .
sample box—held by the fork system of the linear/rotary manipulator ap-plane [see Fig. 48)]. This design ensures a large opening

proaches the XYZ receivef2) once the sample box is positioned above the from the top to accommodate the SEM and its detector. Elec-
receiving box, the receiveicontrolled by an XYZ manipulatgris moved tronic components such as the preamplifiers for STM feed-

up, so that the receiving box tightly houses the sample K@xpnce the back control and imaging are also mounted on the STM
connection is tight, the fork system is opened; &dhe linear manipulator

is moved away from the sample box. The sample box and receiving box aréFage_ mountir_lg ringFig. 4@] and are connected to the out-
both made of highly polished OFHC copper. sidevia electrical feedthroughs.
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FIG. 5. Left: Image of the MM3a nanomanipulator; right: schematic show-
ing both rotational axe¢X, Y) and the linear motiorfZ) of the nanoma-
nipulator.

Nanomanipulator
- 8T™

Sample box

—top view - .
; STM Control and Image Acquisition Electronics/Software

Mounting ring The electronics is controlled via a computer through an RS-
232 serial interface. Each SPM electronics system is con-
trolled by a dedicated PC to guarantee simultaneous indepen-
dent operation of all four nanomanipulators. An analog

FIG. 4. (Color onling. (a) Overview of the STM stage in the STM/SEM feedback loop is used in constant-current mode. To reduce
chamber. The STM stage features four nanomanipulators that can be used as

STMs (models MM3 and MM3a—Kleindiek Nanotechpiknounted on a coqpling of ambient eleCtrqmagnetiC n(_)ise the firs_t a_mplifi—

ring at 45° from the sample plane, a sample stage mounted on an XYZ tabl&€ation stage of the tunneling current is located inside the

as well as spring isolation and an eddy-current damping systentpp UHV system close to the nanomanipulators using a low-
view (SEM point of view showing the four nanomanipulators mounted at noise fast operational amplifier OPAL{Burr-Browr). The

90° from each other in the sample plafi®rizontal plang The large solid . P . P . . 5 )

angle allows enough space to accommodate the SEM gun. gain of the OPA111 is set with a 100Mresistor. With this

setup the range of voltage/current is —2.5 to +2.5r¢-

Both the STM ioul d th | stricted by SPM electronigs-100 to +100 nA(restricted by

oth the nanomanipulators and the sample stagg, specification of OPA111 in combination with a 10@M

EUSt be ca%%bleﬁf coarze ﬂn(rj]fme rr]n_otlon._The cciles_lgn 0; thn%sisto). To enable four-point conductivity measurements,
anomotor®" achieves both through its uniqueé design. FOryirect electrical access to the probes is also desirable. Low
fast large travel, the Nanomotor® can be driven in the Coarsﬁissipation electromagnetic relaySeledyne, type 732-12

step modeg which —exploits the well known stick-slip are mounted close to the OPA111, as shown in Fig. 6.
mechanisnt? At the same time, positioning in the nanometer

range is possible in the fine step mode, which utilizes the ]
piezoelectric effect in the conventional way. B. UHV-SEM+MCP detection
The sample table(Kleindiek Nanotechnik, model The SEM column(FEI-model 2LE EVA is based on a
LT6820XYZ) has three perpendicular degrees of freedonSchottky emitter source with a two-lens electron technology
and is equipped with three nanomotors. The table can travelnd an electronically variable aperture. Mounted on top of
20 mm in the X and Y directions and 15 mm in the Z direc- the chamber, it is mainly used to locate features on the sur-
tion. The integrated optical encoding system allows positionface and to guide the STM tips near objects of interest.
ing of the sample with 100 nm repeatability. The stiffness of  Conventional scanning electron microscop8&M) op-
the table was enhanced by mounting additional vertical aluerate at pressures near-i@nbar. Therefore typical SEM
minum columns. detection systems are based on scintillation amplifiers
The nanomanipulators have been developed in collabosummary of SEM detectors can be found in Ref. 21 these
ration with Kleindiek Nanotechnik for STM applications. As systems secondary electrons are converted into light and sub-
shown in Fig. 5 the nanomanipulators have two rotationakequently the photons are converted back into an electrical
axes(X, Y) and one linear motiofZ). Two slightly different  signal, which limits the sensitivity and signal-to-noise ratio
models are being used: the MM3 model with a length of(typical gains are in the range of 40
80 mm and the MM3a model with an overall length of The UHV environment of the nanoworkbench system
65 mm. permits the use of a high efficiency multichannel plate
From the standpoint of control electronics, the simulta-(MCP) system, similar to those used in UHV instruments for
neous operation of four STM devices or the performance ofon and electron spectroscopy. A typical MCP consists of an
four point probe conductivity measurements on a small scalannular array of tiny glass tubg$2—23um diameter and
is a challenge by itself. The SPM electronics for the 4-tip0.5—1 mm long fused together to form an array of thou-
STM is provided by Kleindiek NanotechniiNanomotor® sands of independent electron multipliers. An accelerating
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FIG. 6. Schematic of preamplifier and relay electronics close to tip. The
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FIG. 8. Schematic view of the docking system. The STM unit is connected
to the docking system without any mechanical contacts to the fréefe,
undocked andright) docked. The undocked position is used for STM and
conductivity measurements applications while the docked position is used
for SEM imaging to keep the working distance constant.

from the specimen surface. Because of the large solid angle
detection efficiency of the MCP, shadowing due to the na-
nomanipulators and the topography of the specimen is mini-
mized; even deep holes and vias can be seen with greater
efficiency than with side mounted secondary electron detec-
tors. In particular, in the area of critical dimensions, the MCP

parts shown below the dashed line are located inside the UHV chamber. Can provide uniformly illuminated shadow-free images from

potential is applied to a metal film deposited across the ends
of the tubes, and when an electron enters a tube it produces
additional secondary electrons as a result of striking a speci
highly emissive coating on the inside of the tube. Two MCPs
stacked together are used to create a gain approaching 10

Figure 7 shows a schematic diagram of the ultrahig
efficient secondary electron detection, the electron beam de-
flection and image recording system used in the nanowork-

bench.

We use an ultrathiri2.5 mm maximum annular MCP
assembly with a center hol¢dlamamatsu F6589which is
directly mounted below the SEM electron column. The
shielded center hole allows undisturbed travel of the primar
electron beam to the sample surface. The detector position
above the specimen surface is ideal for collecting a large
percentage of secondary and backscattered electrons emittﬁgu

h

sample

- -

Disaimnalor
[m e[ eromer |—

e T [ 113

out| Mt

FIG. 7. Schematic of the SEM-MCP detection system.

which highly accurate measurements can be obtained. The
front surface of the detector array may be biased positively
Or negatively to attract or repel secondary electrons from the

Eiample. In this way a secondary electron image or a back-

Scattered electron image may be selected easily.

The electronic amplification and pulse shaping of the
MCP output signal is performed by a combination of a com-
mercially available preamplifie(ORTEC Fast Preamplifier
model 930}, and an amplifiet(ORTEC Amplifier Discrimi-
nator model 930Ralong with a home-built pulse shaper. The
resulting pulse sequencas to 20 MHz frequencyare digi-
tized and synchronized with the deflection controller using a
commercially available, fully programmable scan system
ADDA I, Soft Imaging System The ADDA Il system is
connected to a PC for control of scan parameters and image
recording.

Under experimental conditions, in four-point probe con-
ration, the SEM resolution is-100 nm. Large working
distances imposed by the design of the STM stage limit the
SEM resolution of the instrument.

C. Docking stage

The STM unit is decoupled from the electron column
mounted on top of the STM/SEM chamber via the spring
isolation system and the eddy-current damping (see Sec.

IV D). As a result, the distance between the sanipleich
floats during STM imagingand the electron gun aperture is
not constant. Such variation in the working distance makes it
difficult to focus the SEM, especially at high magnifications
(=10%).

A docking system has been developed to address this
problem. Figure 8 shows the design of the docking mecha-
nism. It consists of three pairs of metal pillars and a piston-
like linear actuator. One metal pillar is mounted on the STM
unit, whereas the second pillar in a given pair is mounted on
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the frame under the STM unit. The mating faces are mirrotemperature is about 800 °C and the maximum working tem-
finished to ensure excellent mechanical contact. The actuat@erature is 320 °C, well above the requirement of our system
is composed of a piston head and a cylindrical chamber withfor bakeout.

out any contact with one another. These two elements are

connected to the linear motion feedthrough and the STM/. PERFORMANCE

unit, respectively. When the piston head of the actuator is The nanoworkbench is capable of performing measure-

pulled down(using the linear motion feedthrough makes . . . i
. o . . ments in a variety of operational modes, some of which are

contact with the cylindrical chamber to transmit the linear.

. . . illustrated below.
motion and, consequently, pulls down the STM unit until
both pillars are in contact. A spring between the linear mo-A STM
tion feedthrough and the actuator regulates the linear force to
give a consistent pulling force. When the STM unit is un-  The possibility of performing STM measurements distin-
docked, the piston head does not have any contact with thguishes the nanoworkbench from other four probe setups.
cylindrical chamber, and the STM unit is floating, com- STM operation also expands the imaging capabilities of the
pletely decoupled from the rest of the systffig. &left)].  NWB.
This position is used for STM operation and conductivity
measurements. For high-resolution SEM imaging, it is pref-1. Sample preparation
erable to dock the stad€&ig. 8(right)]. A highly oriented pyrolytic graphitédHOPG sample of

10 mmXx 10 mmx 2 mm (SPl—model 440HP-ABis used
for testing the STM capability of the nanomanipulators. The

D. Vibration isolation usual approach to prepare the HOPG sample for STM is to
take a piece of tape, press it onto the flat surface and pull it
off. The tape takes with it a thin layer of HOPG, leaving a
freshly cleaved HOPG surface.

Vibration isolation is especially challenging since the
NWB is a large system with UHV requirements. Nonethe-
less, vibration isolation is crucial not only for STM operation
but also for conductivity measurements since one would like
to achieve stable contact of the probes with the substrate ovér e

The specifications of the nanoworkbench STM probes

a long period of time. . . . . .
differ in several important respects from typical single-probe

As a first step towards vibration isolation, the main me_STM . Fi ‘oned f h iUl
chanical pump is isolated by coupling the rough vacuum line instruments. First, as mentioned earlier, the manipula-

to a heavy concrete block. In addition, each turbomoleculafors_are mounted at 45. from th_e surfage plang. Therefpre,
pump is connected to the rough vacuum line via ﬂexiblethe Z motion of the manipulators is established with a similar

tubing to minimize vibration transfer. During STM operation angle and ]:S rg)_lt_lvlperpendlcu[rarrl tOSI:f’hI\(/T saﬁrcvple §urface as 1s
and conductivity measurements, all turbomolecular pump§UStOmary or systems. The software incorporates

are turned off. Additional isolation of the entire NWB from & tiit correction feature to compensate for the large angle.
the building is achieved through a six-point commercial aC_Improved STM op_erat_ion was achieved by bending the tips
tive vibration system(HWLbioanalytic SYSTEMS, MOD- ~25° downwards(in dlrectlon.of samplpat a distance .Of

4). Each of the six elements senses vibrations along botfj MM before the end of the tip. Seconq, _the nanomanipula-
horizontal and vertical directions, and a closed-loop feed-tors themselves are less compact and rigid than most STMs.

back system compensates these disturbances. The isolatigne"afore the lowest resonance frequency of the nanoma-

elements are active within the range of 0.75—35 Hz and paéjlpulators is close to 300 Hz. Despite the described proce-

sive above that. Additional vibration isolation elements aredures for vibration isolation and the increase of the overall

mounted inside the STM/SEM chamber stiffness built into the STM stage, slow scanniftgl Hz)
The STM assembly is suspended from the chamber with{'as reguwed to acqw(;e Sat'SfaCng ST™ é';]ages' b

custom UHV-compatible springs, fabricated using Inconel _U?'“g custom-made Ptr etche _pro_t( stom Pr_o es

X750 wire, 0.041 in. diametefGibbs Wire and Steel Co., Unlimited) we were able to reproducibly image atomic steps

Inc.). The springs were electropolished to reduce their porosgsee Fig. 9 and small features with a Iate_raI_W|d_th as small

ity and limit their outgassing in vacuum by immersion in ads 4.nm on a cleaved HOPG §urface. Similar images were

3:1 mixture bath of phosphoric acid and sulfuric atddnd acquired with all four nanomanipulators.

a 9 V potential with respect to an array of graphite electrodes .

was applied for 3 min. The measured spring constant i&: FoUr-point probe

110.3 kg §2 for each spring used. As explained above four terminal measurements have
To further dampen vibrations in the STM stage, an eddyseveral advantages over two-terminal measurements. The

current system was employed, consisting of a circular arrapanoworkbench allowi situ positioning of four nanoscale

of samarium—cobalt magnet®lagnetic Component Engi- contacts, allowing four probe measurements to be obtained.

neering, Inc., model S2669, 1With interposed conducting

copper blades. The copper blades are mounted on the STW Setup and strategy

unit and the magnets are mechanically clamped on the frame To perform the measurements the precise placement of

[Fig. 4(@)]. The samarium—cobalt magnets have good corrothe tips is crucial. The following procedure is employed for

sion resistance and high temperature stability. The Curi@ositioning the four probes:

STM operation and STM imaging
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FIG. 9. Reproducible STM imaging of atomic steps on HOPG acquired with
MM3a nanomanipulator. The images were acquired consecutively. Experi-
mental conditions for both images:x110"8 mbar; Up,s=200 mV, I setpoint
=0.43 nA, image size 274271 nm, acquisition time per image was 260 s.
The bar scale represents 50 nm.

(1) The tips are brought into close proximity to the sample
surface, using the UHV-SEM as a guide. The “electron (b)
shadow” of the probes in the SEM images can be used to
estimate the distance between the tip and the sample.
(2) When the distance between the tip and the sample is
small enough the automatic STM Z coarse approach
with the feedback loop control is activated.
(3) Steps 1 and 2 are repeated until all four tips are in tun-
neling contact with the surface. The spacing between the /@

Ol (3.5um)
BOX (500nm)

probes can be measured to an accuracy of +100 nm
from the SEM image. Fine positioning of the tips in
tunneling contact is possible. FIG. 10. (Color onling. (a) SEM image showing the in-line configuration
(4) Gentle contact is achieveq between thg tips and thaith the inner tipS_f_aEI a_distar;ctieOin éﬂrilngQfe;nSﬁt]einsg;?eugg:arrerigggems
gample surface. By changlng the tunneling .parameter%:)nzysfo?th:%r\]/Ielrevie\\//vI?xac;e and 10m for the.inset;(b) schematicpof
(increase of current setpoint, decrease of bias voltag&ne experimental setup.
the tunneling gap is minimized. By setting the gain of
the feedback looSPM softwarg to zero, the feedback
control is switched off. To prevent damage and/or inter- . . _ _ 23
ference of the operational amplifi€OPA11]) all con- 10 min acetone(2) 10 min (HZOZ'HZSO4°1'2) at 130 C )
nections to the preamplifier are disabled via a switchbox(3) _ Standard  Clean-1 ~ at  65°C  for 5 min
By switching an electromagnetic reldgee Fig. 6 an  (120:H02:NH,OH 5:1:1); (4) Staﬂtjz%rd Clean-2 at 65 °C
for 10 min (H,O:H,0,:HCI 6:1:1);""“>and (5) oxide etch

electrical shortcut to the tip is established and the resis

tance between tip and sample can be monitored. With afer 15 S usingHF:H;0 2:100. This treatment is known to

four tips in electrical contact with the sample, four-probeProduce a hydrogen-terminated(B10) surface free of or-
measurements can be performed. A Keithley 64g79anic contaminant® The crystal was subsequently annealed

picoammeter/voltage source is used as a current sourdd Vacuum for 20 min at 870 K, followed by 20 min at
between the outer probes while the voltage drop bell70 K and then by a 15 s flash at 1470 K. Following this

tween the inner probes is measured with an Ag"emtreatment the Au'ger §pectrum reveals an intense Si peak at
34401A 6 % digit multimeter (input impedance 92 eV and only tiny signals from cqrbc(ﬁ72 e\) and 0xy-

~10 GQ). gen (502 eV) (not shown. The C/Si peak-to-peak ratio of_
the clean sample was found to be less than 0.002, which
correspondsa a C atomic fraction of 0.005 in the depth of
Auger sampling.

chemically cleanedx situ using the following recipe(1)

2. Sample preparation
Four probe experiments were performed on silicon-on-

insulator (SOI) samples(Ultrasil, Inc), which consist of an 3. Results

undoped SiL00) layer with a thickness of 3.am, separated A typical experimental configuration is shown in Fig.

from a highly doped %100 substrate called a “handle” 10(b). In a first step, all four tips were brought in contact

(410 um thick) by a buried oxide layef500 nm thick. The  with the clean Sil00) crystal, according to the positioning

handle is highly dopedresistivity of 1—10Q cm) allowing  procedure described above. The four probes are arranged in a

the insulating top layer to be flash cleaned by resistive heatinear fashion as shown in the SEM image Fig(al0The

ing of the handlgsee schematic of the SOI sample in Fig. spacingd; between the inner probes amj between the

10(b)]. The dimensions of the crystal are X®  outer probes was determined by SEM. Throughout the ex-

X 0.41 mn?. Prior to introduction in vacuum the crystal was perimentd; andd, were maintained constant respectively at
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“roaming” because the source and drain leads are STM
probes that can touch down at different locations on the
sample. A roaming FET may prove useful in probing the
transfer characteristics of a variety of nanoscale devices such
as quantum dot-based single electron transistors.
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