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The article describes the combination of a Besocke-type scanning tunneling micr@Stdfewith

a scanning electron microscop8EM) in an ultrahigh vacuum(UHV) environment. The open
design of the Besocke STM allows the SEM to be implemented as an add-on of a high resolution
electron column and a secondary electron detector. The combined instrument is capable of atomic
resolution imaging by STM and real time SEM imaging. SEM resolution down to about 80 nm was
achieved. Simultaneous operation of STM and SEM is possible. The operation and performance of
the combined instrument is illustrated by a variety of examples. Although the instrument is suitable
for a wide range of applications where a combination of atomic resolution with lower magnification
imaging is required, its operation in an UHV environment makes it particularly appropriate for the
study of reactive metal surfaces. #D01 American Institute of Physics.
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I. INTRODUCTION becomes far simpler to identify areas of potential interest for
Instruments which combine capabiliies of a scanningh'gh resolution study, which might otherwise demand much

tunneling microscopéSTM) and a scanning electron micro- wasted effort if orluly high resolution scans were available.
scope(SEM) have been constructed previously by several (C) A related issue is the relocatiofr tracking of a
different research groups. Two different approaches havéiven area of interest for study by STM aft@r during one
been taken. Commercial SEM systems have been adapted @ more intervening treatments.g., annealing Such treat-
incorporate a STM stade'® or STM systems have been ret- ments may require removal of a sample from the STM
rofitted with a high resolution electron column to gain thesample holder for processing in a preparation chamber, and
additional benefit of SEM*~2° The latter systems operate its subsequent return for reexamination, upon completion of
mostly under true ultrahigh vacuum conditions<l  the treatment. Without some low magnification capability, it
x 10" mbar) and are particularly suitable for a wide rangewould be impossible or at least very time consuming to re-
of surface science investigations. The need for instrument®cate a region investigated previously at high resolution.
that allow imaging over a broader range of resolution thanis  (d) The STM tip itself can be readily imaged by the
available in STM was stated by Binnig and Rohrer in one ofsgm. This capability is useful for examining the tip shape so
their first articles describing that technigtfeFor many ap- as to assess its sharpness and its opening angle, or to detect

plications, the STM is best used in combination with another,ijence of tip crashes which may degrade STM image qual-
microscope. An inherent limitation of STM is that it always ity and require tip replacement.

operates at high resolution.” However, beyond the need for a (e) The availability of a SEM can also be useful for

greater range of magnification, the availability of combined : . .

. : : ) -locating exactly dimensioned features on patterned substrates
SEM and STM in a given instrument provides several addi- oo s
. used for calibrating the laterak(y) magnification of STM
tional advantages. .

(@) The low magnifications available in the SEM allow |mag<ra15. icl . h o ¢ K
observation of the approach of a STM tip towards a sample 1€ article (21()e_sé<2:rlpes the combination of a Besocke-type
surface, thus providing more control and preventing tip{ 0eetle”) STM with a SEM in an ultrahigh vacuum
crashes. This is particularly important for samples with sur{UHV) environment. The operation of the instrument under
faces which may be nonplanar, with localized height variaJHV conditions is particularly suitable for the study of re-
tions of several hundred nanometers, such as the ones thgtive surfaces, such as those of metals. To our knowledge
have been of particular interest in some of our own studieéhis is the first attempt at adding SEM capabilities to this
described in more detail below. particular type of STM, and is of interest, given the special

(b) With the availability of a fast scanning SEM, it also geometrical and other design constraints which are inherent

in STMs of different types. One particular advantage of the
dAuthor to whom correspondence should be addressed; electronic maiﬁeSOCke'type STMis its open design which allows position-
b.voigtlaender@fz-juelich.de ing of the SEM column within focusing distance to the
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face is then achieved with the central piezo and tip which is
to be rastered across the sample surface under tunneling con-
(—ramp ring ditions.
: In the present instrument, the outer piezo drives are 12.8
mm long, whereas the center piezo scanner with the imaging
tip is 19.1 mm long. This longer piezo scanner allows imag-
ing of larger areas, and lends itself well to the observation of
surface features of relatively large heights, such as the crys-
tallites of interest. With this arrangement, the central piezo
scanner with tip has a maximum dynamic range of about 10
pm in the z direction, and of 30um in thex andy direc-
tions. However, large area STM scans are generally avoided
because of relaxation, long time creep, and nonlinear re-
sponse of the piezo mater@?® all of which may cause
undesirable image distortion. Furthermore, the total time to
acquire a large scale image can be greater than 1 h, espe-
cially for rough surfaces or objects with a high aspect ratio.
Because of these long times, thermal drift becomes a prob-
lem and is another source of image distortion. Hence large

a /sample holder

outer piezos
central piezo

) area, long time STM scans are impractical when high struc-
SED tural accuracy is required.
FIG. 1. (8 STM of the Beetle-type(b) Detailed view of STM, SEM The whole STM assembly rests on two piezo-driven mi-
column, and secondary electron deted®ED). cropositioning slidesSMS 5, Omicron, as shown in Fig.

1(b). These are used for larger translations of the STM as-

sample, without undue interference from its various strucS€Mbly(Up to a maximum of 5 mm, in steps of 40 has
tural elements. further explained below. One of the principal problems of

Our purpose in developing this instrument was to facili- @chieving high resolution in STM is the elimination of vibra-
tate the study of the equilibrium crystal sha&CS of met- tions which may cause relative motions between the imaging
als by STM2*-27 This application requires measurement oftip and _the sample. I_n the s_tandarq Besocke design, the
the detailed three-dimensional shape of metal crystallites rd?i€Z0-drive assembly is vibrationally isolated from the sur-
siding on a flat substrate made of a different material. A/oundings by both springéwith low vibration transmission
typical crystal, characterized by a contact angle at the crystafXCept close to some resonant frequraryd motion damp-
substrate interface of 40°—60°, may be of the order pfd €S consisting of a stack of Viton supports. This design had to
in diameter and protrude a few hundred nanometers aboVR€ modified in combination with the added SEM imaging
the flat substrate. Whereas atomic resolution in they ~ capability.
plane of the image is not essential, the imaging of mono-
atomic steps on the crystal surface is crucial. These particula. SEM
performance requirements have influenced the characteristics

of the STM component of the combined instrument. The SEM consists of an electrostatic two lens electron

column with a Schottky emitter and electrostatic focusing
optics (FEI Company. The emitter consists of a zirconium

Il INSTRUMENT CONFIGURATION oxide coated tungsten filament operating at 1800 K and

A. STM

The Besocke-type STM and criteria used in its design
have been described in detail beféfe??Here we give only
a brief description. A general view of the STM is displayed
in Fig. 1(a). Sample and holder are supported by a cylindri-
cal ramp ring which itself sits on three outer piezo-tube ele-
ments. The underside of the ramp ring is divided into three
inclined sections to allow for vertical motion of the sample
relative to the STM tip. By bending the three piezos appro-
priately, it is possible to translate the sample in any given
direction, or rotate it® The rotation on the ramp is used to
move the sample in thedirection towards or away from the
tip (coarse approaghThe finalz approach is accomplished
by a fourth central piezo-tube scanner which carries the im-

aging tip. The tip is moved towards the sample' until an elecrig, 2. schematic of the SEM system; DAC: digital-to-analog converter,
tron tunneling current can be measured. Imaging of the SUurADC: analog-to-digital converter, SED: secondary electron detector.

deflection [ DAC1

amplifier —e—| y
controller | IHAC 2 s

amplifier

1/0 board
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analog converter$DACs) for beam deflection and several
16-bit analog-to-digital-convertef®\DCs) for processing of
the image signals originating from either the secondary elec-
tron detecto(SED) or the sampldin the case of absorbed
current images The software for operating this control sys-
tem was provided by the Electronics Institute of the Univer-
sity of Wuppertaf:3?

The SEM column is differentially pumped by means of
an added ion pump which is needed to maintain the required
low pressure in the column. Furthermore, the column con-
tains narrow passages which make it impractical to rely on
the main chamber pumps. With this arrangement, the column
pressure is typically one order of magnitude higher than that
of the main UHV chamber. There is a column isolation valve
which allows the main chamber to be brought up to atmo-
spheric pressure without having to turn off the SEM filament
or to replace the SEM filament without having to vent the
main UHV chamber.

C. Combined system

The instrument consists of two main UHV chambers, a
preparation chamber and an analysis chamber, connected by
a gate valve. The preparation chamber includes facilities for
sample heating or cooling, a physical vapor deposition sys-
tem for the preparation of thin films of the crystallite mate-
rial onto a substrate, and an ion gun for sputtering. The
analysis chamber comprises the two microscopes and an Au-
ger cylindrical mirror analyzer with a built-in electron gun to
monitor the surface composition and cleanliness of the
sample. The base pressure in both the preparation and main
chambers is X 10” ' mbar.

One of the principal technical problems that must be
addressed in such an instrument is the relative vibrational
motion between the sample on the STM stage and the tip, on

sy the one hand, and between the sample/tip assembly and the
§ SEM column, on the other. In order to avoid relative motions
FIG. 3. Tip approach under STM contrgl) Large tip—sample distance, _betwe.en the. STM head and the SE.M column, the .leratlon
diffuse shadow(b) approach of tip and sample results in a sharper shape ofSOlation springs of the Besocke design had to be eliminated.
the shadow and a smaller distance between shadow andctipip and  Instead, the sample holder was more tightly clamped to the
sample are in tunneling contact, tip and shadow touch each other. STM stage by using a magnetic ramp and small permanent
magnets located at the bottom side of the sample holder and
yielding a typical probe current of 1 n®.The accelerating below the bearing balls which terminate the three outer
voltage is adjustable from 1 to 25 keV; however, all the workpiezo-drives This has the effect of stabilizing the sample/
reported here was obtained using the maximum operatintip configuration and at the same time the STM stage relative
voltage. The optics of the SEM have been designed to allovio the whole vacuum system and hence to the SEM column.
a working distance of 20—-25 mm between the nose of thé©n the other hand, vibrational motion of the SEM column,
SEM column and the sample. This large working distance isvhich is mounted on a flange of the UHV chamber, can
needed in order to avoid any mechanical interference beaccur relative to the STM stage. The amplitude of this vibra-
tween the various moving components of the STM and theion limits the achievable SEM resolution and its effect can
SEM column. Nominal resolution of the column is 20 nm be seen on highly magnified images of high contrast objects.
and the maximum raster size is about 2 mm. This relative vibrational motion has been damped in the

A schematic block diagram of the SEM is shown in Fig. present instrument by a woven nylon strap which binds the
2. Note that the sample normal does not coincide with theexternal part of the SEM column to the main chamber. The
SEM column axis. For this reason, the large depth of focusuccess of this approach can be evaluated from the quality of
typical of SEMs is particularly beneficial in the present com-the SEM images presented in the next section. The resolution
bined instrument. Central to the SEM control and data analyachieved is about 80 nm instead of the nominal 20 nm.
sis systems is an input/output ca(BCI-MIO-16E-1, Na- A second important requirement for the combined use of
tional Instruments which provides two 16-bit digital-to- STM and SEM is the capability to move the STM stage
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FIG. 4. SEM images of a R000) sample covered
with Pb crystallites taken at different magnifications.

<

relative to the SEM column axis. This relatiwgy motion  Fig. 3(a), such a diffuse shadow of the tip may be seen on the
ensures that the STM imaging tip can be positioned in théeft of the image. As the tip gets progressively closer to the
SEM optical axis, even at the highest magnification of thesurface, Figs. @) and 3c), the separation between the tip
SEM. For this purpose there are the and y-piezo-driven  and its shadow gradually decreases. In fact, in Fig) the
microslides, Fig. (b), which support the whole STM stage tip and the sample are in tunneling contact. These images
(including samplgand allow its translation i andy direc-  were acquired prior to adding the small magnets to the STM
tions. Once the tip is in the SEM field of view, the SEM can stage for improved stability. With the magnets present a mul-

be used to monitor the coarse and final approach of th@ple shadow appeared, presumably due to the local magnetic
sample to the tip and the selection of the sample area to bgs|q.

analyzed with STM. Figure 4 shows a sequence of SEM images at different
magnifications, taken with the STM tip in tunneling contact
IIl. INSTRUMENT OPERATION AND PERFORMANCE with the sample. Simultaneous SEM and STM operation is

In this section we will present several application ex-pOSSi.ble. p'r('Jvided thg tunneling current is chosen above a
amples for the combined use of SEM and STM. In this Con_certa_un I|m|.t|ng yalue(m_ our case 0.3 nj Another _demon_-
text it is also convenient to refer to our studies of equilibriumf‘Strléf_'onsOf wE_a%mghdurmg an STM me?suremeln;:;\;)rpwded
crystal shapesECS to illustrate instrument operation and N Hg. d’(;N \ch shows a sequtJ]en;ﬁz_Mo severa Images
performance. In principle, the instrument is applicable to any’;\cquwe uring operation of the X

purpose where the advantages of a combined STM-SEM The resolution of the STM part of the instrument is il-
would be beneficial, such as outlined in the Introduction. 'ustrated by the atomically resolved image of the recon-

Our first experimental example consists of three-structed (7<7)-Si(111) surface of a flat Si crystal, shown in

dimensional Pb crystallites supported on a single crystallin&19- 6. Although atomic resolution in the plane of the sample
Ru(0001) substrate. The size of the crystallites typically 'S not crucial to many applications of this instrument, this
ranges from a few hundred nanometers to a few micrometerfigure demonstrates that high resolution is possible.

A sequence of SEM images obtained during a STM tip ap-  Figures Ta) and b) provide a comparison of SEM and
proach to a typical sample surface is shown in Fig. 3. TheSTM images of the same object. The sample consists of a
distance between the tunneling tip and the surface can b®etal-coated glass slide with a regular array of circular de-
estimated from the relative positions of the tip and of thepressions, about Lm in depth and a center-to-center dis-
shadow it casts on the sample surface. This shadow in thi@nce of 1.5um, produced in the metallic overlayer. Images
SEM image represents a region of weaker secondary electrgtich as Fig. 7 are used for magnification calibration of the
detection from those parts of the sample surface which ar8TM. The highest magnification image in this Beig. 7(c)]
partially blocked by the STM tip. In other words, when the is taken close to the limit of resolution of the SEM. The
tip is in the line-of-sight between the momentary point of edges of the holes are poorly resolved in the image, and from
secondary electron emission and the detector, the current réie length of the dark streaks at the edge one can estimate the
corded from that point is reduced. The tip shadow is essentiadffective SEM resolution to be about 80 nm. A higher rigid-
for the evaluation of the distance between tip and sample. lity of the chamber-flange connection is expected to eliminate

FIG. 5. SEM during a STM measuremefgee also
http://www.fz-juelich.de/video/emundts
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FIG. 8. Pb crystallite on a R000)) substrate. Image size: 4.6 wm?.
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FIG. 6. Atomically resolved Si(193(7X7) surface.
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