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An Ultra-High Vacuum Scanning Tunneling Microscope for

Surface Science Studies

D. M. Zeglinski, D. F. Ogletree, T. P. Beebe, Jr.,»®) R. Q. Hwang,
- G. A. Somorjai and M. B. Salmeron

Department of Chemistry, University of California, Berkeley 94720
and Center for Advanced Materials, Materials and Chemical Sciences

Division, Lawrence Berkeley Laboratory, Berkeley, California 94720

In this paper we describe the construction and operation of a Scanning Tun-
neling Microscope (STM) désigned in our laboratory that fits standard Ultra-
High Vacuum (UHV) systems as an add-on instrument. Sample motion
is accomplished by electrical signals, eliminating mechanical feedthroughs.
Samples are easily transferred to a modified Varian manipulator for heating
and interfacing with other surface science techniques. In situ tip replacement

and sample transfer in and out of the UHV system is also possible..
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Introduction

Typically, scanning tunneling microscope (STM) designs!~®

are system spe-
cific,”~? and in general, adapting these instruments for surface science studies
in commercial Ultra-High Vacuum (UHV) chambers is difficult.  Our ex-
periments require the preparation and characterization of ordered surface
structures. This necessitates performing the experiments in UHV so that the
traditional surface science techniques, Auger Electron Spectroscopy (AES)
and Low Energy Electron Diffraction (LEED), can be used to provide in-
formation on surface chemical composition and long range order. An STM
instrument must then permit transfer of samples from the microscope to
the AES and LEED equipment. Surface preparation requires the ability to
heat samples to approximately 2000 °C. For practical considerations, tip re-
placement and sample transfer from air to the vacuum chamber are needed
without exposing the entire chamber to air. The instrument described in this
paper will mount into a standard vacuum chamber with an off-axis manipu-
lator. The sample can be disconnected electrically from the STM in situ so
that the manipulator can perform the transfer motions.

The microscope design uses two concentric piezo tubes.!® This geometry
has been used previously for temperature dependent studies in air.?’ The
tubes’ outer electrodes are sectored into four equal quadrants in order to
provide X-Y motion. The inner electrodes provide Z-displacement. The tip
is held and scanned by the inner tube. The outer tube serves two func-
tions: approach of the sample to the tip and large-scale sample displacement
(2.5 um for X and Y; 1.5 um for Z). For both tubes, gain can range from 15
to 25 A/V Due to variations in piezo manufacture and sectoring, each tube
must be individually calibrated for maximum accuracy. A graphite sample
is imaged in UHV to calibrate the STM. The microscope is mounted on an
eight inch conflat flange, and operates in conjunction with a vertical off-axis
sample manipulator, a front view LEED screen and a single-pass cylindri-
cal mirror analyzer. Sample transfer from air to UHV is done through a

turbopumped airlock, and in vacuo replacement of up to six tips is possible.



In the following sections, the microscope head, vibration isolation sys-
tem, sample and tip transfer, sample manipulator, and electronics/software
package will be discussed in detail. Operation will be discussed, and images

obtained in UHV will be presented.

1 - Instrument Design

1.1 Microscope Head

The STM head consists of piezoelectric tubes!? and a quartz sample holder
(Fig.'1). The assembly is supported by a stainless steel plate. The head is fas-
tened by machine screws to the plafe through a Vespel’® ring. Of the various
ultra-high vacuum compatible polyimides available, Vespel was found to per-
form best due to its excellent machinability, high melting point (300 °C), and
negligible outgassing at lower temperatures. Both piezo tubes are mounted to
the Vespel ring with Torr-Seal!* epoxy. The ring is designed so that the scan
and approach/offset tubes are separable. This facilitates repair should only
one tube require it. Tip wires are held by an aluminum collar which mates
with a Vespel holder epoxied to the scan tube. The Vespel holder contains a
0.015 inch diameter, “M” shaped Cu-Be wire spririg15 that serves to retain
the aluminum collar and provides electrical contact for the tip (Fig. 2). The
tubular quartz sample support is joined with Torr-Seal to the offset/approach
tube by a Vespel ring. A 0.0005 inch thick gold foil strip is epoxied to the
top of the quartz tube. The foil hangs inside the quartz tube (see Fig. 1)
making electrical contact with the tantalum sample holder. The light-weight
foil does not interfere with the sample approach motion, and is not physically
attached to the sample holder, allowing sample transfer.

Electrical contact to all piezo sectors, the Cu-Be tip retainer and the
gold foil bias contact is provided by 0.006 inch diameter Kapton coated
copper wire!® soldered!® to each electrode. This method is preferred since
it is UHV compatible, bakeable, and provides a durable electrical contact.
Electrical shielding for the wires is provided by passing the wires through

a silver-coated, copper shield braid,!” which is electrically grounded. Four
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separate shield braids contain the conductors for the scanning tube, the off-
set/approach tube, the tip and the sample. Connection to the electrical
feedthroughs is made by soldering to each wire a gold-coated, copper contact
pin.!® The connections then allow easy removal of the entire head from the

support/vibration isolation system.

1.2 Vibration Isolation
1.2.1 Microscope Head

Our instrument uses three stages of vibration isolation.!® Two stages are used
for the in-vacuum instrument assembly (Fig. 3). The STM head is mounted
to a stainless steel baseplate which rests on three layers of alternating sili-
cone cord?® and stainless steel plate. The bottom plate is suspended from
a stainless steel cantilever by Cu-Be springs.?! Viton o-rings, connecting the
springs on each side of the microscope, are used to increase the effective
spring length, and to provide high frequency damping. The cantilever is fas-
tened to an eight inch conflat flange. The combination of stacked plates and
metal springs filters out high frequency vibrations and reduces the amplitude

of low frequency mechanical vibrations transmitted through the flange.

1.2.2 Ultra-High Vacuum Chamber

The STM is mounted in a standard stainless steel Varian bell jar attached to
a Multi-Vaclon pumping well by a 12 inch Wheeler flange (Fig. 4). The back-
ground pressure after a 16 hour bakeout at 100 °C is typically 5.0x1071° torr.
The third isolation stage uses three air table legs?? to raise the entire cham-
ber from the floor. The three isolation stages function well together, allowing
imaging of lateral features one to two angstroms apart and corrugations less
than 0.1 A. In this system, the lowest resonance detected in the tunneling

current occurs at 3 Hz.



1.3 Tips and Tip Transfer

Much effort has been directed towards characterizing, preparing and under-
standing STM tips.23~2" We have experimented with etched tungsten and
mechanically cut Pt/40% Rh tips. The mechanically cut tips have worked
as well as the etched tips, but are easier to prepare. In addition, the plat-
inum/rhodium alloy is extremely resistant to oxidation. The geometry ob-
tained by mechanical cutting provides a sufficiently sharp tip structure. The
0.040 inch diameter tip wire is held by spring tension in an aluminum collar
(see Fig. 2). The collar fits into the Vespel holder epoxied to the front of the
scanning tube. - '
Tips are tranferred by a “wobble-stick”?® from a Vespel carousel (see
Fig. 3). The carousel is secured to the tube support plate opposite the scan-
ning tube. A tip is transferred i)y removing it from the carousel, and then
directing it along the center-line of the concentric piezos. The wobble-stick
and tip pass through the carousel, the tube support plate, and the inside
of the scanning tube. The collar is then pushed into the Vespel tip holder.
The Vespel parts serve to guide the wobble-stick to the tip holder. A clamp-
ing mechanism, using a linear motion feedthrough to push the microscope

assembly into a positioner, secures the STM during tip transfer.

1.4 Sample Holder and Tip-Sample Approach

The sample holder consists of a 0.500 inch diameter tantalum rod to which
four 0.125 inch diameter sapphire ball bearings?® are mechanically attached
(Fig. 5). Stainless steel has been used previously, but tantalum is found to
cool after sample heating roughly three times faster. Also, tdntalum 1s twice
as dense as stainless steel. This mass increase seems to improve sample ap-
proach/retract performance. Sapphire is used since it is hard, thus resisting
damage from repeated sample holder motions. A hole is bored in the rod
fo accommodate the mahipulator. The approach mechanism requires a low
center-of-gravity sample holder, so the top is machined flat. The s#mple is
mounted over the bofed, hole on one face of the holder by spot welded Ta
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strips. The sample holder rests on the quartz tube extending from the outer
piezo. Quartz is preferred over other materials since it is transparent, allow-
ing visual assessment of tip-sample approach, and possesses a low thermal
expansion coefficient.

A sample is brought into tunneling range via a stick-slip mechanism.!*+%
An approach waveform, as illustrated in Figure 6, is applied to the inner
electrode of the approach piezo. The outer sectors are held at ground. The
digital waveform consists of two parts. A linear ramp extends or contracts
the piezo, depending on polarity. A sharp step returns the piezo to its origi-
nal length. During the first part, the sample holder maintains static friction
and retracts from or approaches towards the tip. The second part of the
waveform breaks static friction, but the sgxmple holder’s inertia allows it to
remain stationary while the piezo is in motion. Tunnel current is monitored
before each digital increase of the ramp and after each sharp step. Variable
parameters areb overall ramp height, step size and delay before tunnel current
detection. Current sensing cannot be continuous since the voltage change in-
duces current spikes. After a delay that allows the spike to decay, the tunnel
current is read and checked against a limit before waveform generation con-
tinues. The curvature in the waveform results from the response time of the
high voltage power supply. The waveform is repeated until a pre-determined
tunnel current is detected by the electronics. Once tunnel current is detected,
control is turned over to the offset supply and feedback electronics. With this
mechanism, a sample can be brought rapidly (2 mm/min) and reliably into
tunneling range without mechanical linkages, and is easily transferrable to

the sample manipulator for other surface studies.

1.5 Sample Manipulator

The sample manipulator is a modified Varian Model 981-2523 providing X-Y-
Z translation, 360° rotation, and sample tilt capability. A 90° arm assembly
was designed to fit the rotary motion feedthrough, and is pictured in Figure 7.

The nozzle protruding.frorn the arm supports the sample holder through its



bored hole. For sample heating, an electron bombardment heating filament
exists in the nozzle, and is controlled by an emission regulated power supply.
To reach 2000 °C typical heating parameters are 40 mA emission current
and -2000 V filament bias. The filament is wound from 0.020 inch diameter
tungsten wire, and is isolated from the stainless steel assembly by an alumina
“two-bore” tube. The sample holder is held in contact with the nozzle by
a spring-loaded lever to prevent accidental detachment during transfer mo-
tions. The manipulafor linear motion feedthrough is used to depress the lever
allowing release of the sémple holder. Electrical contact for the filament and
ground are provided. through the manipulator flange. An optical ‘pyrometer
is used to measure sample temperature, while a thermocouple spot-we}ded
to the sample clamp monitors sample holder temperature.

Since the tantalum sample holder is in contact with the stainless steel ma-
nipulator arm, cooling in vacuum occurs very slowly. Since the microscope is
sensitive to thermal drift, large temperature gradients between sample and
tip make imaging difficult at low scan rates. Quick cooli’ng of the sample to
minimize surface contamination and to prevent large thermal drift is neces-
sary. After heating, the sample holder is put in contact with a liquid nitrogen
cooled copper block (see F ig.. 7). The block is V-shaped, and the cylindri-
cal sample holder makes line contact in the “V”. Cooling ffom 2000 °C to

ambient temperature is done in about twenty minutes.

1.6 Sample Transfer

Samples can be introduced into the vacuum chamber from air through a
turbopumped®® airlock (Figs. 4 and 8). A fixture that accepts the sample
holder is mounted to a 32 pin surface finish stainless steel rod. A teflon thrust

13! contacting the rod. The rod

ring applies pressure to a Viton piston sea
can then be extended and retracted through a gate valve without significant
vacuum loss. The rod is extended into the chamber, then the sample maﬁip-
ulator accepts the sample holder from the fixture. If the vacuum chamber

is at a base pressure of 107!° torr, the pressure will rise to 10~® torr during
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sample transfer. Base pressure is easily recovered upon closing the gate valve,
and the process takes approximately fifteen minutes, including evacuation of

the airlock.

2 Electronics and Software

The STM electronics have been designed and built in collaboration with the
Electronics Engineering Division of the Lawrence Berkeley Laboratory. To
minimize input capacitance, bias is applied to the sample holder, and the tip
is connected to an external current-voltage preamp3? held at virtual ground.
The pre-amp circuit bandwidth is 50 kHz and provides a first stage gain of
10® V/A. An integral clock-driven digital ramp generator produces X-Y scan
waveforms. Ail piezos are driven by high voltage op-amps.3® An analog pro-
portional/integrator feedback loop controls the tip/sample separation. The
electronic noise measured with the sample out of range is 0.2 pA/ VHz for
this configuration. Current and topographic data is collected by a 12-bit
analog/digital I/O card® residing in an IBM-PC compatible 80386/7 com-
puter. Data can be aquired at a maximum scan rate of 250 Hz, but typical
operating parameters are: 1-4 Hz (topographic mode) and 60 Hz (current
mode). The data is displayed by an enhanced VGA card® (640x480 pix-
els, 256 colors) on a color monitor.The software® has been written in our
laboratory, and allows real time data analysis and display. Additionally, it
allows simultaneous acquisition of two image parameters. For example, both
Z position, and lock-in amplifier output from modulation experiments can be
obtained during a raster for comparing topographic and barrier height data.
The feedback loop may also be interrupted during a scan for simultaneous

topographic and I-Z or I-V imaging.

3 Experimental Results

To illustrate the performance of our instrument, we show in Figure 9a a to-
pographic image of the sulfur (“3v/3x3v/3”)R30° structure on the Re(0001)
surface prepared in this UHV system.3-% The image is 93x93 A, and was

7



acquired using -0.050 V sample bias and 22.1 M} gap resistance. The super-
lattice basis consists of trimers in which the sulfur atom spacing duplicates
the Re lattice distance of 2.8 A. The overlayer lattice is formed from alternat-
ing rows of back-to-back and “zig-zag” trimers. A diagonal grain boundary
can be seen in the lower left-center portion of the image. This grain bound-
ary consists of alternating sulfur tetramers (individual atom spacing is also
2.8 A) and single sulfur atoms. The residual noise in the image is less than
0.1 A. Figure 9b is a current image obtained from a Re(0001) surface pre-
pared with a sulfur overlayer giving a sharp p(2x2) LEED pattern. The
image is roughly 50x50 A, and was taken using a -0.061 V sample bias. The
corrugation maximum occurs at 12.1 nA, and the average current for this
image is 3.6 nA. While most of the sulfur is arranged as a p(2x2) lattice,
in this particular area, a mixture of sulfur arrangements is observed. Sulfur
atoms 2.8 A apart appear as trimers and dimers. Single sulfur atoms are also
visible. Since this structure type, in small patches, could never be detected
with LEED, this particular example shows the importance of using STM in
surface science studies. The results presented here will be described in more

detail in future publications.*®

‘Summary

An Ultra-High Vacuum compatable Scanning Tunneling Microscope has been
built for surface science studies. The STM design is compact, mounted on
an eight inch conflat flange, and can be used in most commercial vacuum
chambers. Tip replacement is possible in vacuo, and sample transfer is pro-
vided by a simple modification of a commercial manipulator so that standard

surface science techniques can be used in conjunction with the microscope.
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Figure Captions

1. Cross-section of the STM head. Tips can be exchanged by inserting a
“wobble-stick” (see Fig. 3) into the inner piezo from the left side. A
sample holder (see Fig. 5) rests in the quartz tube, and is provided bias

voltage by contact with a hanging gold foil strip.

2. Detailed view of the tip holder, tip-retaining Cu-Be spring, and Pt/Rh

tip held in an aluminum collar.

3. (a) Schematic of the STM head and its support structure mounted to
an eight inch conflat flange. Two vibration isolation stages are shown
consisting of Cu-Be springs and a stack of stainless steel plates sepa-
rated by silicone cord. The wobble-stick transfers tips from the carousel
opposite the microscope head. Electrical contact is provided by two tén-
pin feedthroughs, and a linear motion feedthrough is used to clamp the

microscope baseplate for tip and sample transfers. (b) Photograph of

the STM.

4. Equatorial cross-section of the UHV chamber indicating instrument
positions. Sample transfer from air to UHV is accomplished through a

22 inch flange between the STM and viewport.

5. (a) Sectional view of the sample holder. The sapphire balls are mechan-
ically fastened to the holder. The balls are secured by two stainless steel

retaining plates. (b) Perspective view of the sample holder.

6. The approach/retract voltage waveform is digitally generated, and is
basically a sawtooth. The ramp contracts (for sample approach) or

expands (for sample retract) the outer piezo tube.

7. A photograph of the manipulatof arm through the viewport. Visible
are the electron bombardment heater filament, and sample clamping
lever. The copper V-block used for sample holder cooling is visible on

the right.

14



8. Assembly drawing of the sample transfer system. The right flange of
the gate valve is mounted to the UHV chamber. The sample holder

rests in the basket shown at the end of the transfer rod.

9. (a) Sulfur (“3v/3x+/3”)R30° overlayer on the Re(0001) surface. (b) Im-
age obtained from a S/Re(0001) surface that produced a sharp p(2x2)
LEED pattern. ’
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