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In this article we introduce a, video-rate, control system that can be used with any type of scanning
probe microscope, and that allows frame rates up to 200 images/s. These electronics are capable of
measuring in a fast, completely analog mode as well as in the more conventional digital mode. The
latter allows measurements at low speeds and options, such as, e.g., atom manipulation, current—
voltage spectroscopy, or force—distance curves. For scanning tunneling micro68opg
application we implemented a hybrid mode between the well-known constant-height and
constant-current modes. This hybrid mode not only increases the maximum speed at which the
surface can be imaged, but also improves the resolution at lower speeds. Acceptable image quality
at high speeds could only be obtained by pushing the performance of each individual part of the
electronics to its limit: we developed a preamplifier with a bandwidth of 600 kHz, a feedback
electronics with a bandwidth of 1 MHz, a home-built bus structure for the fast data transfer, fast
analog to digital converters, and low-noise drivers. Future improvements and extensions to the
control electronics can be realized easily and quickly, because of its open architecture with its
modular plug-in units. In the second part of this article we show our high-speed results. The
ultrahigh vacuum application of these control electronics on (bliV)-STM enabled imaging
speeds up to 0.3 mm/s, while still obtaining atomic step resolution. At high frame rates, the images
suffered from noticeable distortions, which we have been able to analyze by virtue of the unique
access to the errqdZ) signal. The distortions have all been associated with mechanical resonances
in the scan head of the UHV-STM. In order to reduce such resonance effects, we have designed and
built a scan head with high resonance frequencie84 kHz), especially for the purpose of testing

the fast electronics. Using this scanner we have reached video-rate imaging speeds up to
200 frames/$5 ms/imagg, while still obtaining atomically resolved structureé®.2005 American
Institute of Physics[DOI: 10.1063/1.1915288

I. INTRODUCTION sulators and a wide variety of biological materials, such as
membranes, DNA, and other molecules, the conditions range

; b ; oSPM), Binni d Rohrer i from extreme temperaturélé, real variable temperatur%,
scanning probe microsco » BINNIG and ROATET 1A cuum or ambient to high pressu?eesor even measure-

ven h nnin nneling micr M) in 1982%3 . . ) - .
ented the sca g tunneling microscapd M) 98 ents in electrolytic solution. In addition, access to different

This technique has developed to become one of the moj:gi_I ical ios has b ired bv the devel ‘
important instruments for real-space surface observations di'YSIca Properties has been acquired by the development o

small length scales. The broad capabilities of SPM technolYarious alternative sensing methddsg., atomic force mi-
ogy are clearly reflected in the number of applications orf"0SCOPY(AFM), magnetic force microscopy, spin polarized
various samples and at different conditions. While theSTM, scanning near field optical microscopy}. Also indus-
samples range from single- and polycrystalline metals to intry has recognized the power of SPM technology: industrial
research projects are financed to investigate possibilities for,

oraggescanning Iithograph%),) catalysisl,1 and
|2

Inspired by the pioneering work by Younet al! on

dAuthor to whom correspondence should be addressed; electronic maiF'g"_ data st
rost@physics.leidenuniv.nl quality contro _
ywww.leidenprobemicroscopy.com Although the strengths of SPMs are obvious, there are
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still clear drawbacks on many aspects, most notably on thé&ull-size SPM images (256X 256 pixels at video rate
image recording timgspeed and on the user friendliness (25 images/y while providing full, on-line control over the
with respect to the control of such an instrument. The slowscan parameters and the feedback settings.
speed of SPMs limitgon the one handresearchers in their (2) The scan generation must be “as analog as possible”
studies of fast dynamical processes, especially on samplém contrast to the typical digital scan generajpns order to
that prohibit a temperature decreageg., many biological avoid the excitation of mechanical resonances resulting from
sample and limits(on the other handndustry in its appli-  the discretization noise in the scan signals.
cation of this technology within their fabrication lines for (3) A digital scan generation option must also be imple-
quality control. In addition, the complex and refined controlmented in order to facilitate ultraslow scans, atom manipu-
of the present-day SPM instruments requires experienced ofation, and current-voltage measurements.
erators so that high-quality data are obtained without damage (4) The feedback electronics, including all components,
to either the probe or the sample. must have a minimum bandwidth of 600 kHz, which is nec-
When trying to speed up SPM measureménts, one essary for atomically resolved imaging at video rate
faces two main challenging problems. The first is the neces25 frames/s for frame sizes of 258 256 pixels.
sity of a very stable mechanical loop between the probe and (5) The feedback electronics must be capable of measur-
the samplé’ which requires a scan head with high resonanceng the error signal in addition to the control signal.
frequencies. In all SPMs, in which it is possible to excite (6) The control system must be sufficiently versatile to
vibrations (resonanceseither by the scanning motion or by provide easy connection with any type of SPM.
external mechanical or acoustical noise, high-speed measure- (7) All SPM-control and measurement signals must be
ments are strongly impaired or even completely impossiblalirectly accessible to guarantee openness to a wide variety of
due to resolution problems. In the worst case, this can evealternative configurations and extensions, e.g., signal modu-
lead to a tip crasltcollision between the tip and the sample lation,....
that destroys the probe and/or the sample. (8) The control system must consist of standard plug-in
The second challenge concerns the control sy§ile¢hli. units’ to allow easy upgrades and repairs, without the need
components of the feedback electroffceave to be suffi- of to replace larger parts of the electronics.
ciently high in bandwidtHincluding appropriately high slew (9) A modular architecture enables setup of specific so-
rates as well as sufficiently low in nois& These conditions  lutions via the interchange of only a few plug-ins.
are conflicting, as the noise of electronic components usually (10) The operating system should b&NnDOWS/PC
increases with the bandwidth,,, proportional toyf,,. In  based, since this platform provides excellent continuity, sup-
addition, one also needs a low-noise scan generator, a fagort, and compatibility. However, in order to make the elec-
data acquisition system, and fast display of the measuretionics independent of the specific choice of computer and
data. operating system, a home-developed control/data bus is nec-
In this article we describe our approach, which includesessary.
improvements on all the above-mentioned aspects of SPM (11) Our minimum demand is to measure with an imag-
technology. The first part describes the development of @ng rate of 25 Hz(256X 256 pixels per image For every
SPM control system that allows high-speed scanning antine from left to right(trace there must be a line from right
data acquisition. In the second part we use this control sygo left (retrace. In addition, we record two signals: the tip
tem for initial high tip-speed observations with our existing height control signal and the residual error signal. Together,
variable temperature ultrahigh vacuufdHV)-STM.2* Al- this leads to an additional factor of 4, so that our system
though we reach tip speeds of 0.3 mm/s, while still obtaintequires a data-bus rate of 13 Msamples/s, where each
ing atomic step resolution, we clearly face the limits of thesample represents a 16 bit value.
scan head of this STM: while increasing the imaging speed, Figure 1 shows a schematic of the control system. It
we observe increasingly strong image distortions. We anaconsists of four 19 in. cratesi) the feedback(ii) the scan
lyze these distortions and relate them to the mechanical beyenerator(iii) the analog to digital convertef&\DCs), and
havior of the scanner. On the basis of these insights, we hav@/) the drivers. Each 19 in. crate is built from standard com-
constructed a high-resonance-frequency scanner that wmonents and consist of standard pluginghe use of these
present in the third part of this article. With this scanner weplug-ins allows the separation of each basic function, and
reach measuring speeds up to 5 ms per in{206 images/s provides the versatility to use the electronics for, in principle,
with 256X 32 pixels per image and line rates up to any kind of SPM. Moreover, it also guarantees that the elec-

10.2 kHz (80 images/s with 128 128 pixelg, while still  tronics can be easily updated or repaired. All signal connec-
obtaining atomic resolution on highly oriented pyrolitic tions between the individual plug-ins are balanced, in order
graphite(HOPG. to obtain a high degree of common-mode rejection. Since the

user can(has tg make all these connections via the front
panels, the user automatically has direct access to all signals.
In the following section we will describe the four crates.

Il. HIGH-SPEED SPM CONTROL SYSTEM

Considering high-speed SPM measurements we have- Feedback electronics

formulated the following design principles and requirements:  The feedback cratésee Fig. 1 consists of four plug-ins,
(1) The control system must be capable of measuringvhich we call an input convertelin our case a tunneling
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P FIG. 2. Equivalent integrated input current noise of day:50 kHz and(b)
Readout 600 kHz home-built preamplifiers, both with a capacitive input load of
27 pF.
Output
(nput fourth-order low-pass filter. A comparison of our preamplifi-

ers with several other commercially available driese-
FIG. 1. The control system consists of four 19 in. crates: the feedback, thyealed that the performance of our preamplifiers was signifi-
scan generator, the ADCs, and the drivéfeym top to bottom. A current  cantly superior. For example, the commercial preamplifiers
preamplifier is indicated for the application of the control system to STM. with a bandwidth comparable to ours showed a noise level
that is between four and ten times higher than ours. Note that
current input converter a P/1/filter module, which is com- a fair comparison between preamplifiers that operate with
bined with an output that delivers the measurement signalglifferent resistor gains requires the conversion of the mea-
and a monitor. The monitor provides access to the input sigsured output noise back to the equivalent input current noise.
nal, e.g., the tunneling current in STM can be monitoredin general, it is impossible to reach a fA noise level with a
directly on an oscilloscope. In addition, it is also possible tolarge bandwidth: these conditions are conflicting. Since the
“listen” to the signal by using a headphone connector on theoise of our 600 kHz preamplifier at low frequencies is as
monitor. The STM input plug-in converts the tunneling cur- low as the noise of the 50 kHz preamplifier at those frequen-
rent signal that comes from a preamplifien the form of a  cies, it is possible to use only the 600 kHz preamplifier with
voltage into a standardized signal; it consists of an absolutea switchable low-pass filtéf As an example, we obtain a
value amplifier(ABS) and a logarithmic converter. In order noise level of ~1 pA, when using a filter frequency of
to use the control system for other SPMs, this input convertet0 kHz.
plug-in can be exchanged: for example, we have developed Both preamplifiers have been designed on the basis of
an input converter for intermittent-contact mode AFM. Thefield effect transistofFET) inputs, where great care has been
standardized signal of the input converter goes through thtaken to reach optimal component matching. In addition,
P/l /fiter module, where a reference value is subtractedboth preamplifiers are equipped with a compensation circuit.
(corresponding to the setpoint of, e.g., the tunneling current It also turned out that the power supply noise is of great
the proportional and integral gains are set, and the filtermportance for the noise performance. The combination of
bandwidth is chosen. The output plug-in delivers all neceseareful component choices, theoretical calculations, elec-
sary output signals, both for the drivers and for the ADCs. tronic simulations, and comparison with experimental perfor-
Shown at the top of Fig. 1 is one of the most importantmance has allowed us to successfully construct the low-noise
devices of STM feedback electronics, namely the curren600 kHz version.
preamplifielz.6 We will first present our preamplifier im-
provements, before discussing the rest of the feedback circuiél, Feedback

in more detail. . . .
In comparison with conventional control systems, we

have realized a feedback concept that allows us to measure in

1. Preamplifier a hybrid mode between the familiar constant height and con-

The noise of an opamp that is used as a current-tostant current modes: the idea is not only to make use of the
voltage converter contains three distinct sources: currerfteight signal, but also to measure simultaneously the devia-
noise, voltage noise, and Johngtimerma) noise of the feed- tion of the tip with respect to the referenGequesteftip
back resistor. As the frequency dependence varies with thlsteight.29 Measuring an error signal is common in AFM tech-
type of noise, one has to either specify each noise souraeology, but the transformation of this signal to additional
separately, or characterize the frequency-integrated noise asaight information is often not straightforward, because of its
function of bandwidth. Figure 2 shows the equivalent inte-highly nonlinear dependence.
grated input current noise of our home-built 50 and 600 kHz ~ As we show here, in STM technology, it is possible to
preamplifiers. The measurements were performed with accurately measure the height of the tip simultaneously with
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+ :
16 Bit | [Slew Rate
DAC Limiter
P / 1/ Filter| Driver

FIG. 4. Mixer concept: two input channels, e.i.andY, and the output
Ref. from a 16-bit DAC are added up to provide a combined signal.

Value

v
Y

600 kHz bandwidth has to be minimal, which has become

FIG. 3. Schematic of our feedback circuit including the hybrid mode option.y65sihle by virtue of a very careful selection of all electrical
After the amplification of the tunneling current by the preamplifier, which is in the feedback circui

located close to the scan head, the signal runs through an absolute vaIE@mponentS In the feedback circuit.
amplifier (ABS), and a logarithmic amplifie(Log), before it is compared

with the reference value. From there, the error signal passes through a uri
that consists of a proportional gain, an integral gain, and a filter, before it isrg' Scan generator

amplified by the high-voltage driver and supplied to #electrode of the In contrast to most SPM control systems, we have de-
piezo element. veloped a completely analog scan genefattiiat can be
controlled digitally. In addition, the scan generator is also
capable of scanning in a purely digital mode. By using the
its error with respect to its ideal he|g(’ﬁetp0|nt or reference ana'og scan generation we avoid all common d|g|ta| prob_
heighy. This makes it possible to calculate back the truelems, like glitches or high-frequency crosstalk. Moreover,
surface contout; even at high tip speeds, when the feedbackhe advantages of analog and digital electronics have been
settings are such that the tip is not capable of following thecombined: user comfort is guaranteed by the computer-
surface accurately. controlled access. A second advantage of the analog scan
Which signals provide the most accurate information forgeneration is that the number of pixels is independent of the
the hybrid mode? Figure 3 shows a schematic of the comscan sizdat least along the line directipn_arge-area scans
plete feedback circuit. The most straightforward piece ofwith atomic resolution are possible in this way. One can, e.g.,
height information of the tip is given by the output voltage of measure a um large area with 10 000 pixels/line so that
the feedback electronidsee the position of Z-ADC in Fig. one still achieves a resolution of 1 A/pixel.
3), since this signal is further only amplified by the high- ~ The second crate in Fig. 1 contains the individual plug-
voltage driver and then directly connected to the piezo eleins of the scan generator. The scan bus connects this rack via
ment. As will be shown later, this signal does not necessarilyptical fibers to the computer. Thé generator is a com-
represent the actual tip height, as the piezo response can laetely analog scan generator of linear rams$angular
behind the driving voltage. wave forn), with possible line frequencies between 0.1 Hz
Since the feedback gain is finite for all frequencies-  and 10 kHz. This generator can round off the triangle tops by
cept for dg, the error signal always differs from zero during smoothly connected parabolsee below. the degree of
the scanning motion of the tip. This also means that the tigounding is adjustable via the software. TNegenerator
trajectory deviates for all imaging speetksxcept for zerd  works on a digital basis with integrators that smoothe the
from the perfect height contour that would correspond to thevoltage steps linearly. The integration time, which is set by
truly constant current condition. The magnitude of this de-the computer, is automatically calculated by the software in
viation increases with higher imaging speeds, since therder to match the user’s choice of tip speed. Khand the
closed loop gain decreases for higher frequeritiiétsis pos- Y generator signals are combined via mixer modulesXhe
sible to accurately measure this deviation in the tunnelingnixer, the Y’ mixer, and theZ mixer. Figure 4 shows a
current. Since the tunneling current varies exponentially withbschematic of one mixer. Each mixer combines two input
the distance between the tip and the sample, the most approhannels, each of which is amplifig@Gainl and Gain2 in
priate way to detect the error is to measure the signal after Big. 4) separately, before they are added up. In addition, a
logarithmic conversion and a comparison with a referencel6-bit digital to analog convertéDAC) signal that is limited
point (see dZ-ADC in Fig. 8 This error signadlZ depends in its slew rate is added to the result. Both the amplification
linearly on the height error. factors(Gainl and GainRand the slew rate limiter are ad-
This hybrid mode allows us to measure the surface tojustable via the computer.
pography in a different way than usual. On a macroscopic For regular scanning operation th&- and the
scale we can roughly follow the surface structure in order toy-generator outputs serve as the two inputs signals for both
stay in tunneling range, while we obtain the detailatbmig  the X’ mixer and theY’ mixer. These two mixers are used to
information via the variation in the error sign@z). Using  perform scan rotations, using appropriate combinations of
our broadband 600 kHz preamplifier without a filtdiZ is  the four adjustable input gains. They are also used to perform
also measured with a bandwidth of 600 kHz, while the bandpanning via the 16-bit DAC. Both mixers offer two identical
width of the closed loop can be smoothly tuned between butputs. One output is typically connected to the respective
and 100 kHz(seeP/I /filter in Fig. 3). Note that for a mean- driver (X driver, Y driver), whereas the other is connected to
ingful recording of the error signal, the noise at the full one of the two inputs of th& mixer (see below.
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TheZ mixer fulfills a special task, since the height of the 15
tip is not only controlled by the feedback electronics, but
also by this mixer. By using the 16-bit DAC offset we can
compensate for any offset value of the feedback electronics.
In addition, by using the scan signals as inputs of the
mixer, we can also compensate for the average tilt of the
sample. The working point of the feedback electronics is,
therefore, around 0 V. This has a beneficial effect both on
the bandwidth of our loop, which increases, and on the signal
to noise ratio of the height signéZ), because the near-zero
value of the error signal allows us to use a high, additional -
amplification in front of theZ-ADC (up to a factor 64 0.01 —

As will be explained below, stable scanning with very 10 100 1000 10000 100000 1000000
high line frequencies is only possible by using a true sine Bandwidth [Hz]
wave form instead of a triangle. Therefore we also added a _ _ _ o
. . . FIG. 5. Integrated rms voltage noise of the drivers with a capacitive load of
sine-wave form generator, which can be exchanged with the o' =
X generator.

The programmable wave form generator is used to de- . . .
liver ramps for piezo motor® Potentiometer positions, e.g are built on the basis of standard technology, and their excel-

set point tunneling current, proportional gain, or integratorlem performance is the result of a careful design and a care-

gain, are digitized via the readout card, which enables th&ul choice and matching of the components.
control system to store them together with the measured

data. An output plug-in, which can be used to feed out sigill. RESULTS

nals, allows conversion from differential connections that are
used in the electronics to single ended BNC-connectors. BKwe
analogy, the input plug-in provides the possibility to feed
external signals into the electronics.

v
o

Integrated RMS Noise [mV]
o
|

This section describes the results of our first high-speed

asurements. We have used the electronics, described in

the previous section, to control several STMs and AFMs. In

each case we observed an improvement in imaging speed

and resolution, when compared to commercial or older-

generation home-built electronit.

C. ADC crate At sufficiently high tip speeds we observe imaging prob-
The ADC crate consists of an ADC-bus module for thel€ms for all SPMs. The access to the error signd) allows

data transfer and 16-bit ADCs. Depending on the specifi¢!S to quantify these problems. We have compared the out-

application this crate can be fitted with up to eight ADCs,come of this with the results of a mechanical study of our

which can all be read out simultaneously. Each of the ADC$canner. From this analysis we have obtained information on

is equipped with an internal gain that is controlled via thethe real tip movement that deviates from the ideal behavior,

software to a value of X, 2x, 4%, 8x, 16x, 32x, or  corresponding to the applied controlling voltages.

64x. This provides us with & accuracy of 0.002 A, when

using a 13 mm long EBL2 piezo tube. A. Standard UHV scan head

1. Improved resolution

_ We have performed the first test of the control system by
D. Driver crate connecting it to our UHV variable-temperature STH/Fig-

The driver crate can be fitted with up to six high-voltage ure a) shows the regular height signal on a(Qo1) sur-
drivers. Typically, we use four driver¥, Y, Z, and one fora face: monoatomic steps are visible. Simultaneously, we have
piezo motor. All drivers provide two fully equivalent input measured the deviation or error sigr@dlZ), which is dis-
channels that are added before amplification. This possibilitplayed in Fig. 6b). If the tip would have followed the ideal
is in particular important for th&-driver, as we use it for the constant-current height contour, Figb$would contain no
Z-offset correction, which improves the signal to noise ratioinformation, since the error would be zero everywhere.
and the bandwidth of the feedback electronisse above  Clearly, this is not the case, which reflects that there are
With an adjustable amplification betweenX%nd 19<, and  restrictions on the gain of the feedback lo@gee aboveas
inputs between +10 V, the drivers are capable of delivering avell as on the mechanical behavior of the scanner. Since our
balanced, maximum output voltage of +190 V. Figure 5error signal is proportional to the actual height error, we can
shows the integrated rms voltage noise as a function of filteeasily calculate the real surface contour by multiplying the
cutoff frequency for a capacitive load of 1.5 nF. The small-values in Fig. @) with the appropriate proportionality con-
signal bandwidth of the drivers is 400 kHz, and the full- stant and adding the result to the heights of Fi@).6The
power bandwidth decreases to only 150 kHz. This is due tmutcome of this operation is displayed in Figcp Notice
the very high slew rate, which amounts to 7524/ for ca- the enhanced contrast both on the step edges and on the
pacitive loads up to 1 nF and to 50 M¢ for a load of impurities in the terraces. In addition, a mechanical reso-
4.7 nF. The buzZ50 H2) is only 3 uV rms. These drivers nance of the scanner is visible in the error sigmap half of
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element, when this passes through one of its mechanical
FIG. 6. STM imageg512x 512 pixel$ on the C001) surface:(a) stan- resonance frequenc.les' The insetin Fg. 7 .Shows a S.Chemat.lc'
dard height image, measured with 3 Hz line rdt®; simultaneously mea- The response amp“tUde was measured with a lock-in ampll-
sured error(d2) signal; (c) real surface contour computed from pangls fier.
and (b); and (d) monoatomic vacancy islands observed at a tip speed of  Applying this technique to different electrodes and their
0.3 mm/s(586 Hz line raté: All images were acquired at a sample voltage 5 mpinations, one clearly can distinguish between different
of —0.7 V and tunneling currents below 0.1 nA. . .

eigenmodes. As an example, Fig. 7 shows a measurement,

where we use only onX electrode of the piezo tube of our
Fig. 6(b)]. This resonance appeared during tuning of theUHV scanner. We find that the first bending mode in ¥e
feedback gain settings, to the maximum stable settings, i.edirection appears at 9.2 kHz, whereas the corresponding
just below resonance, in order to maximize the resolutionmode in theY direction lies at 9.4 kHz, as found in a similar
We find that the resonance is first visible in the error signameasurement with on¥ electrode. The reason for this bro-
(d2), before it also appears in the height image at higher gaiken rotational symmetry lies in the lack of precise symmetry

settings. of our scan head which, e.g., rests on threezl‘égsd has the
electrical connection for the tunneling current mounted on
2. High tip speeds: 0.3 mm/s one side. The first longitudinal mod& direction is at

Figure 6d) shows a STM image of a Q001 surface  ~38.5 kHz, and the peak at 23 kHz corresponds to the first
that we had prepared with several, monoatomically deeporsional mode of the piezo tube.
vacancy islands. This image was taken from a movie thatcan We verified that these frequencies correspond very
be downloaded from Ref. 34. The tip speed during this meaelosely with the results of finite element calculatidfis,
surement was 0.3 mm/s—a truly macroscopic velocity—where we included the details of our specific scanner geom-
while we still obtained atomic step resolution. In the movieetry and the relevant material parameters of our tip holder.
you can also see how real-time panning is performed without
any loss in imaging sped and image quality. We will return to4. Distortions at higher speeds
the characteristic of the distortions at the left side of the Let us focus here on the image distortions that we ob-

image(movie) in Secs. Il C and 1l D. serve at high scan speeds or, more importantly, at high line
frequencies. While we increase the scanning speed, we
3. Mechanical analysis clearly pass through frequency regimes of very high distor-

In order to interpret the above mentioned image distortion, where it is difficult to extract meaningful information
tions, we performed a mechanical analysis of our scanner. from the images. Between these frequency regimes of exces-
was reported earlid? that it is possible to analyze the me- sive distortion, we obtain almost perfect images of the sur-
chanical behavior of piezo tubes, other scan devices, or eveiace as we would obtain at low scan speeds. In the following
complete scan heads, by applying a sinusoidal excitation tave will show that these frequency regimes of high distortion
one or a combination of several electrodes of the piezo elecorrespond to the excitation of mechanical eigenmodes of
ment and simultaneously measuring the responganaither  the scanner. In some cases the excitation leads to a tip and/or
appropriate electrod® as a function of the excitation fre- surface damaging tip crash.
quency. Figure 8 shows six images that are taken from a movie

Here, we introduce a method that allows us to use théwhich can be downloaded from Ref.)34n which we con-
same electrods) simultaneously for both the excitation of tinuously  increased the line frequency  from
mechanical vibrations and the measurement of the responsg43 Hz to 1.5 kHz. All images show four monoatomic deep
To this end we make use of the resonance/antiresonance beacancy islands on the @201) surface. Notice both the ver-
havior that is introduced in the capacity of a piezoelectricaltical distortion bands in the images and the shape of the
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TABLE I. Measured frequencies of strong image distortion.

Figure Frame ratéHz) Line rate(Hz) Distortion (kHz)
8(a) 1.3351 341.8 9.3
8(b) 1.7166 439.4 9.2
8(c) 2.2888 585.9 9.6
8(d) 3.0517 781.3 3.0
8(d) 3.0517 781.3 9.4
8(e) 3.0899 791.0 9.0
8(f) 3.3150 848.6 9.5
6(d) 1.1444 585.9 38.7
6(d) 1.1444 585.9 8.8

observed behavior, where we pass several regimes of very
high distortion during a sweep of the frequency: the distor-
tions appear only if the line frequendgr one of its higher
harmonic$ is equal to or close to a mechanical eigenmode.
We have expressed the observed distortions in terms of fre-
guenciegshown in Table), to find that these frequencies all
indeed perfectly match the mechanical eigenmodes of the
scanner. Note that both the bending mode and the longitudi-
nal (Z) mode are excited in Fig.(6) (visible on the left side

of the image. Figure &d) also shows two frequencies: 9.4
and 3.0 kHz. The first clearly belongs to the bending mode
of the piezo tube, whereas the latter is attributed to a me-
chanical eigenmode of the scan head.

FIG. 8. STM images of four vacancy islands on a(@i) surface at dif- We now come back to the “smilies.” It is obvious that
ferent frame/line rategsee Table )t size 50 nm (256X 256 pixels,Us  we can excite the bending mode in the direction of the fast
=-0.7V, and 0.1 nA). scanning motion(X direction in our case But is also pos-

sible for the fastX motion to excite the perpendicular bend-
vacancy islands, which deviates from their undistorteding mode (Y direction, which becomes very clear in the
rounded, square-like form. The distortions can even be spresent example where the two modes differ in frequency;
large that the vacancies are “smiling” at yfaee Fig. &)].  the maximumyY distortion is to be expected when the fast
In order to explain the observed image distortions, we not&canning motion matches thtsresonance. The “smilies” are
that it must be possible to excite the eigenmodes of the scasbtained, when the scanning frequer{oy one of its higher
head by the fast scanning motion of the tip, in particular byharmonics lies inbetween theX and theY mode, i.e., be-
the turning points between the lines of the tréledt—right)y  tween 9.2 and 9.4 kHz, so that both modes are excited. In
and the retracéright-leff) images. These points correspond this case the tip does not follow (aodulatedl straight-line
to the sharp peaks of a triangular wave form, and it is obvitrajectory. Instead, it follows a path that is modulated with
ous that they introduce higher Fourier components to thgine waves in both thX direction and theY direction.
scanner than just the line frequency, which is the fundamen-  There are two approaches to reduce the mechanical reso-
tal frequency of the triangular wave form. In addition, exci- nance problems in fast SPMs. The first improvement can be
tation of an eigenmode, might also be possible via the feedsooked by introducing smart scanning signals that avoid
back electronics, when a regular surface pattern is scannefigh frequency components. The other approach is to intro-
with a tip speed that corresponds to the frequency of thaiuce new designs of the scan head, with much higher reso-
eigenmode of the scan head. Although the feedback controlsance frequencies. The following subsections describe both
only the height(Z) motion of the piezo, excitation of differ- approaches.
ently polarized eigenmoddbending, rotation,.) is always
possible, due to coupling terms in the mechanical respons& Smart scan signals
of the piezo element. The gray line in Fig. 9 shows the purely triangular ana-
It is important to realize that in the present example of alog scan voltage, applied in the fast scanning direction. Ob-
STM scanner in UHV, all eigenmodes have a very high qualviously, this signal contains Fourier components at much
ity (Q) factor, on the order of 100. As a consequence, thénigher frequency than the fundamental frequency of the tri-
frequency widths of the resonance peaks are small. Thiangular wave form itself. This can be seen in the Fourier
means that only frequencies, which are in the near vicinity ofanalysis, where even the ninth harmonics is visible. Pre-
a resonance, can excite the eigenmode. On the other harndsely, these higher harmonics are the real problem, since
once an eigenmode is excited, it takes a long time before it ithey excite the eigenmodes, as described above. In order to
damped out. reduce the amplitude of these harmonics, we electronically
The above described picture immediately explains themplemented the possibility to round the tops of the analog
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FIG. 9. Analog scan signal: without roundigray line and with quadratic
rounding of the topgdashed ling The Fourier components of both signals
are shown.

scan signal with a smoothly connected parabolic shape. Thi
removes the spikes in acceleration at the sharp turning point
and replaces them by well-defined regions of constant, lo
acceleration. The degree of rounding can be chosen by th
software between 0% and 100% so that the user can adjug
the rounding and optimize it for the line frequency at which o _
he prefers to scan. The maximum rounding affects only 300/5IQ 10. (a), (p) Stack' scanner W|t_h high resonance frequencies, a 2-Euro
. . . . coin (25 mm diameteris shown to illustrate the size; arid) measurement

of the ac_tual scan width so tha_t the _mlddle of the image S the mechanical resonances of this scanner.
always distortion free and the pixel distances are equal, both
in time and in position, which allows an easy analysis of . . : .

. . leaf spring, which serves as a hinge and is used to allow the
distances, shapes, and time-dependent phenomena, such as . . .

S . . . coarse, mechanical, tip—sample approach. Finite-element

surface diffusion. In addition to the rounding option, we have

. . nalysis of this scanner prdicts the lowest bending resonance
also developed a sine generator, which is used to complete .

. . . . equency to be at approximatety64 kHz. Due to a modest
remove all higher harmonics, for operation at the highes

symmetry breaking we actually measure several different
scan speeds.

The dashed line in Fig. 9 shows the analog triangularbendlng modes betwgen~64 and ~75KkHz. The
-resonance frequency lies above 100 kHz.

wave form with 100% rounding at the tops. The Fourier
analysis of the wave form reveals that we introduce substan- .
tial amplitude only in the firsttundamentaland second har- - High-speed imaging _
monics to the scanner in this way. The new scanner, with its high resonance frequencies,
We have connected the electronics to a variety ofdllowed us to tgst our SPM control system up .to its maxi-
sPM$7 and find in practice that with the rounding of the MUm speed. Figures (& and 11b) show atomically re-
triangular wave form the maximum scan rate at which thes§°lved STM images on HOPG. These images have been ob-

instruments can be operated without severe image distortioridined at a frame rate of 80 H22 ms/imaggfor frames of

50000 1
Frequency [Hz] 00000

is increased by a factor of 5. 128x 128 pixels. It is even possible to reach a frame rate of
188 Hz(5.3 ms/imagg But at such high frame rates we had
B. A new scanner design to reduce the number of pixels per image to 258 [Fig.

In this section we describe a new scan head with much

higher resonance frequencies, which we have designed espe- Rk : e | ::'.?,Qg:%’:
cially for testing the high-speed electronics. Currently, we e i = e f‘fjj{”: .

are redesigning the scan head of our UHV variable-
temperature STM for higher frequencf?sThe scan head
contains a piezo stack that consists of two shear-mode piezos
for the lateral motior(X,Y), and one plate for the heigk)
motion [see Figs. 1@ and 1@b)]. The stack has a lateral
dimensions of 5 mnx5 mm, and a height of 3.5 mm. The
sample, in the present case HOPG, is glued on top of the
piezo stack. The stack itself is glued onto a solid, stainless _ _ _ )
steelblock, which can be moved with respect 0 the STM tipf,C, £ ST D90e80.~ 01 e 1 it s eeeuton o
which is in a tip holder in a second stainless steel block. Th@et 1o righy, (b) retrace (right to lefy, and (c) at 188 Hz with 256
two blocks are attached to each other via a mechanically stifk 32 pixels.
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11(c)], in order to stay within the bandwidth of the data bus 45- Sagiiakellly 1\45 sgtﬂg?@n Fujita, G. Kido, and N. Koguchi,
anotechnologyl5, .

OT the control SySt.em' AlthOUQh th.e StaCk. S.Canner aIIOWSSJ. Wiebe, A. Wachowiak, F. Meier, D. Haude, T. Foster, M. Morgenstern,

high scan speeds, |ts.pract|cal use is very limited for seve_ral and R. Wiesendanger, Rev. Sci. INstruff, 205411(2004.

reasons(i) the scan sizes are very small, namely 300 nm in®m. J. Rost, D. A. Quist, and J. W. M. Frenken, Phys. Rev. Lét,

the X/Y directions and only 200 nm in th2 direction; (ii) 026101(2003.

the sample needs to be |ight and it has to be glued on the7P' B. Rasmussen, B. L. M. Hendriksen, H. Zeijlemaker, H. G. Ficke, and

. . . . J. W. M. Frenken, Rev. Sci. Instrunf9, 3879(1998.
piezo stack; amﬂ'”) the mechanical coarse approach is rela 8E. Laegsgaard, L. Osterlund, P. Thostrup, P. B. Rasmussen, |. Stensgaard,

tively crude. and F. Besenbacher, Rev. Sci. Instrui2, 3537 (2001).
°The Millipede: A future AFM-based data storage system from IBM; A.
2. Lag of the piezo movement Pantazi, M. A. Lantz, G. Cherubini, H. Pozidis, and E. Eleftheriou, Nano-

Figures 11a) and 11b) are trace and retrace images. The , {echnology 15 S612(2004. _
rounding of the triangular wave form can be seen at the MAPPER Lithography B.V{hitp:/www.mapperlithography.com/
g ) 9 ] ’ 1J. Wilson and C. de Groot, J. Phys. Che@®, 7860(1995.

edges of both images. Note that the distorted regions on thepimension 5000, Digital Instruments, Veeco.
left side of image(a) and the right side of imagéb) are L. Kuipers, M. S. Hoogeman, J. W. M. Frenken, and H. van Beijeren,
wider than those at the opposite sides of the same imagegPhys. Rev. B5dZ 11387(1995-k A a7, 0396032001

; ; : M. J. Rost and J. W. M. Frenken, Phys. Rev. L&, .
Thls asymmetry s caused by a _Iag O_f the p1€zo n’]OvemenltsL. Kuipers, R. W. M. Loos, H. Neerings, J. ter Horst, G. J. Ruwiel, A. P.
with respect to the electrom_c drive S|gna_ls. There are two ge jongh, and J. W. M. Frenken, Rev. Sci. Instri68, 4557 (1995,
reasons for this lag: mechanical hysteresis of the piezo eléfT. Ando, N. Kodera, D. Maruyama, E. Takai, K. Saito, and A. Toda, Jpn.
ment and a nonzero phase shift of the piezo response. If weJ. Appl. Phys., Part 41, 4851(2002; PNAS 98, 12468(2001).
would drive the piezo element at its mechanical bendingﬂJ' H. Kindt, G. E. Fantner, J. A. Cutroni, and P. K. Hansma, Ultramicros-

. opy 100, 259(2004.

resonance fretquen_cy’ the rESpOnse of the piezo elemen . Curtis, T. Mitsui, and E. Ganz, Rev. Sci. Instru88, 2790(1997.
would lag behind with a phase shift of 90°. Of course, there®a. p. L. Humphris, J. K. Hobbs, and M. J. Miles, Appl. Phys. Lei8, 6
is also a nonzero phase shift if we drive the piezo element (2003. _ '
below its eigenfrequency. The more we approach the eigen-T- Michely, M. Kaiser, and M. J. Rost, Rev. Sci. Instruril, 4461
mode, the larger th_e lag. We observe similar effects in imi Schitter, P. Menold, H. F. Knapp,
ages where we excite tieresonance frequency of our scan- nstrum. 72, 3320(2001.
ner: there is a time delay between the maximum in the heith[ZSTM feedback electronics typically contain a preamplifier, an absolute
(2 image and the Corresponding error Sig(‘dﬂ). value converter, a logarithmic converter, proportional and integral gains,

. .. filters, and a high-voltage driver.
The latter problem has been recognlzed before by SChIt23L. Libioulle, A. Radenovic, E. Bystrenova, and G. Dietler, Rev. Sci.

F. Allgo, and A. Stemmer, Rev. Sci.

ter et al,?* who have presented a first solution in the form of |nstrum. 74, 1016(2003.
a compensation loofH., contro). %M. S. Hoogemaret al, Rev. Sci. Instrum.69, 2072(19989.
Zschroff GmbH, Germanyhttp://www.schroff.dg
IV. OUTLOOK 20ur preamplifier is mounted directly next to the vacuum chamber to keep

its capacitive input load as low as possible.

The high-frequency scanner, used here for testing pur?See, e.g., Femto GmbH, RHK,..

oses. has several disadvantages such as its verv small ch\p{e use first order filters with bandwidths of 0.3, 1, 3, 10, 30, 100, 300,
p ’ 9 y and 600 kHz.

range. Currently, V\g% are developing a highffrequency_verSiOWS. Hosaka, T. Hasegawa, S. Hosoki, and K. Takata, Rev. Sci. Ins@um.
of our UHV STM.™ Clearly, the mechanical behavior of 1342(1990.

SPMs can be improved in a variety of ways, for example by:"OStrictIy speaking, this calculation can be performed only if the work func-
the miniaturization of the scan device or by the introduction,,o" S constant everywhere on the surface.

£ ol hanical . With The reason for this lies in the frequency dependence of the integral gain of
of clever, mechanical compensation structures. Ith our the feedback electronics for frequencies below the mechanical resonance

UHV-STM, we intend to reach a frame rate of several tens of frequency of the piezo element and in the mechanical behavior of the

images per second routinely, without severe image distortion piezo above its resonance.
on a daily basis. zSuppIy voltages are controlled by DACs.
In our case we have two piezo motors: one is used for the coarse ap-
proach, while the second is used for a lateral scanner positioning.
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