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Atomic resolution ultrafast scanning tunneling microscope with scan rate
breaking the resonant frequency of a quartz tuning fork resonator
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We present an ultra-fast scanning tunneling microscope with atomic resolution at 26 kHz scan rate
which surpasses the resonant frequency of the quartz tuning fork resonator used as the fast scan
actuator. The main improvements employed in achieving this new record are (1) fully low voltage
design (2) independent scan control and data acquisition, where the tuning fork (carrying a tip) is
blindly driven to scan by a function generator with the scan voltage and tunneling current (It) being
measured as image data (this is unlike the traditional point-by-point move and measure method where
data acquisition and scan control are switched many times). © 2011 American Institute of Physics.

[doi:10.1063/1.3585200]

I. INTRODUCTION

The importance of the STM comes from its real space
atomic resolution,! which has revolutionized the entire sur-
face science. Unfortunately, the STM is typically not consid-
ered as a real time imaging tool, because it simply cannot
image fast enough. For example, bromine diffusion on flat
Cu (111) surface with a barrier of E = 0.06 eV has a hop-
ping frequency of 4.8 x 10'° Hz at 150 K.? To observe this
important rapid surface process in real time, we need to use a
STM capable of imaging at 10'° frames per second, which
corresponds to a line scan rate of ~10'? lines per second
(1000 GHz, in other words). Currently, the fastest STM with
atomic resolution can scan at only 10.2 kHz,? not even close
to the above requirement.

This severe disadvantage of the STM has made it very
difficult to study many fast dynamic phenomena such as phase
transformation, absorption, nucleating, proliferating, diffu-
sion, and so on.*” The development of fast STMs is hence
attracting more and more attentions. In addition, fast STMs
are also indispensable in the investigations of temperature
varying processes where large thermal drifts can cause intol-
erable image distortions (one angstrom drift in junction gap
will cause roughly 10 times change in tunneling current®?) if
images are not scanned fast enough.

The main issues associated with increasing the scan rate
of a STM without losing atomic resolution are several: (1) the
tunneling current (It) that the STM measures to form an im-
age is rather weak, typically in the range of pA to nA, which
requires a large resistor (MOhm to GOhm) to convert into
a moderate-value voltage signal, thus limiting the bandwidth
of the preamplifier; (2) the STM usually relies on high volt-
ages to operate, which definitely degrades the imaging speed
due to the slow high voltage devices used and the large volt-
age range to handle; (3) the conventional (even including the
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fast constant-height scan mode) “move to the next point and
measure I1” imaging mode is a point-by-point process which
requires many switches (thus slow) between controller output
(scan to the next position) and data acquisition (get It data);
(4) the slow nature of the piezoelectric tube scanner due to
creeping and hysteresis issues.> > 10

In this paper, we will discuss how we address all these
issues utilizing our homemade fully low voltage STM,'*!!
which exploits a quartz tuning fork (high frequency stable
with small energy dissipation'”) as the fast scan actuator. Al-
though it is still not a real time STM, it improves the previous
scan rate record from 10.2 to 26 kHz without using a fast data
acquisition card. It is also the first atomic resolution scanning
probe microscope ever built with a scan rate breaking the res-
onant frequency of a tuning fork scanner, benefiting us with
large scan area under low scan voltages.

Il. MECHANICAL DESIGN

Our homemade STM has been discussed elsewhere!'%!!

in detail, except that here we add a quartz tuning fork as
the fast scan actuator (see Fig. 1). In brief, a piezoelectric
scanner tube (PT130.24 from Physik Instrumente with length
L = 30 mm, outer diameter O.D. = 10 mm, wall thickness
= 0.5 mm) and a titanium pillar are fixed in parallel on a ti-
tanium base. The scanner tube can bend toward the pillar (in
Hj direction, where H stands for horizontal and J for junc-
tion) by one pair of push-pull electrodes. One sapphire ball is
glued on the pillar top and two sapphire balls are glued on the
scanner top. These three balls hold a narrow triangular slider
piece horizontally by gravity. The sample stage is vertically
glued to the bottom of the slider and the tip holder is glued to
the pillar.

One prong of the fork is glued (with H74F epoxy
of Epoxy Technology) on a small sapphire piece (6 x 2
x 1.5 mm?), which is attached (using conductive silver paint
05002-AB, SPI Supplies) on the tip holder with the fork
prongs pointing to the sample and the fork plane (spanned

© 2011 American Institute of Physics
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FIG. 1. The top view (a) and side view (b) of the tuning fork (fast scan-
ner) and its position relative to the sample; (c) The top view of the STM’s
mechanical setup.

by the two prongs) lying horizontal. The STM tip is a hand-
cut 0.15 mm thick Pt90/Ir10 wire (from Goodfellow), which
is lengthwise glued (by H20E epoxy of Epoxy Technology)
on the free prong of the fork with the tip protruding from the
prong and pointing to the sample. The resonant frequency of
the free tuning fork is 32.768 kHz which reduces to about
24 kHz when the tip is attached, and the quality factor is about
700 in ambient conditions, it can be oscillated well even in up
to hundreds of kilohertz as fast axis (see Fig. 2).

Here, the tuning fork is in charge of the fast scan (along
its vibration direction Hy), whereas the slow scan (in direction
Lg) is done by the scanner tube’s axial displacement (faster
than the traditional lateral-bending slow scan,'>'? which is
another advantage in achieving higher imaging speed).

The mass center of the slider is at the scanner side so that
the slider motion well follows the scanner’s control. The Hy
direction oriented slot at the narrow end of the slider piece
serves as the guide for the slider to slide toward the pillar
ball by inertial steeping (coarse approach).'* Because the tip-
sample junction gap (in Hj direction) is now regulated by
the scanner tube’s lateral bending (large displacement per unit
voltage) instead of the conventional axial deformation (small
displacement per unit voltage), the coarse and fine approaches
can be operated at low voltages (< 4 V), thus the whole STM
is built with solely low voltage devices (power supply volt-
ages < the standard £15V),'"!2 which is very favorable to
fast imaging.

lll. CIRCUIT DESIGN

The traditional way to scan an image in constant height
mode is as follows: a controller produces a pair of scan volt-
ages (Vx©, Vy©) to move the tip to a sample point neigh-

2.5
2.0
1.5
E 1.0
0.5
0.0

"0 200 400 600 800 1000 0 5 1015 20 25 30 35 40 45
f’kHz f/kHz

FIG. 2. The resonance curves of the tuning-fork fast scanner measured with
the STM preamplifier (100 kHz bandwidth): (a) Covers the full measured
frequency range from O to 1 MHz and (b) is a zoom-in of (a).
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boring to the previous point & measure the tunneling current
It and record Vx©, Vy©, I as the image data for that point.
These two steps are repeated until enough sample area is mea-
sured and the set of (VxC, Vy€, ItM) data is used to form the
image. Here, the superscripts C and M stand for controller
output data (prearranged, not measured) and measured data,
respectively, and the two-way arrow 5 indicates a repeated
switch between these two data processing modes.

Our improvement is use a two-channel (Chl and Ch2)
function generator to blindly vibrate the tuning fork (by signal
Vx from Chl, whose waveform is sinusoidal) for fast scan
and blindly deform the scanner tube in its axial direction (by
signal Vy from Ch2, whose waveform is sinusoidal) for slow
scan (the frequencies of the fast and slow scan satisfy fi,ss = N
X fslow» Where N is the number of rows per frame) and blindly
measure and record (VxM, VyM, I:M) as image data (all are
measured, no prearranged data).

The actual circuitry is Channel Chl of the function gen-
erator (Tektronix AFG3000) sends a sinusoidal wave Vx to
a non-inverting reducer (by a factor of 0.18) circuit whose
output drives the tuning fork to perform fast scan (in Hy di-
rection) through the mechanical vibration of the free prong
(Fig. 1). Channel Ch2 outputs another slower sinusoidal wave
Vy, which is first attenuated by an inverting reducer (by a fac-
tor of 0.1) circuit and then applied to the inner electrode of the
scanner tube (see Fig. 3) for slow scan.

A real time computer (National Instruments PXI-8106
RT with PXI-7851R data acquisition card) blindly measures
and records (Vx™, VyM, ItM) data from both channels Chl1,
Ch2, and the STM preamplifier (see Fig. 3), respectively. The
STM preamplifier has a bandwidth of about 100 kHz with a
Rr = 10 MOhm feedback resistor in the transimpedance am-
plifier. Since the computer only acquires data and does not
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FIG. 3. The schematic drawing of the electronic system that drives the elec-
trodes of the scanner tube and tuning fork and collects the imaging data.
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output any scan signal to move the tip, there is no switch
between acquiring and outputting and therefore the imaging
speed can be greatly increased. We can see from the above
circuit system that no high voltage devices or instruments are
used. All voltages are less than +15V.

Our real time computer is actually rather slow: its max-
imum data acquisition speed is only 520 thousand data per
channel per second (520 kHz/Ch). We have indeed tried the
traditional point-by-point scan-and-measure imaging mode
(with a switch between each data acquisition and data output)
using this computer and found the maximum data acquisition
speed drops to 40 kHz/Ch. We will also show that in this mode
the atoms in the image become completely invisible at 3 kHz
scan rate due to the lack of enough pixels (only 3 pixels per
pixel line are acquired). However, with our new blind-scan-
blind-measure method, the atoms are still clearly visible even
at a scan rate as high as 26 KHz, which is beyond the resonant
frequency (24 kHz) of the fork resonator (see Sec. IV).

IV. EXPERIMENTAL RESULTS

The performance of our tuning fork resonator ultra-fast
STM has been tested by imaging a highly oriented pyrolytic
graphite (HOPG) (GYBS/1.7, type ZYB from NT-MDT)
sample in air at room temperature. For comparison, we first
scanned the sample in traditional mode: using the computer
as the controller to repeatedly (1) output a pair of scan volt-
ages (Vx and Vy) to move the tip to a new position and then
(2) measured and recorded It data. Figure 4 shows the so
obtained images at a series of scan rates of 57, 909, 2000,
and 3300 Hz. Each atomic row only contains three atoms be-
cause the driving voltage applied on the tuning fork is low and
the scan rate is far below the resonant frequency of the fork,
which cannot invoke a large prong vibration amplitude.

It is easily seen from Fig. 4 that as the scan rate goes
higher and higher, the number of pixels per pixel-line re-

8

’ .
[0\
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FIG. 4. A series of HOPG STM images (raw data) taken in air with increas-
ing scan rate using the traditional point-by-point scan and data acquisition
mode. Image conditions are (a) 57 Hz, 0.68 x 2.34 nm?, 177 x 477 pix-
els; (b) 909 Hz, 0.50 x 2.58 nm?, 11 x 600 pixels; (c) 2 kHz, 0.59 x 2.71
nm?, 5 x 800 pixels, lattice barely seen and (d) 3.3 kHz, 0.52 x 3.08 nm?,
3 x 10000 pixels, atomic lines barely seen.
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117nA
; I 62nA
FIG. 5. The atomically resolved HOPG STM image (raw data) taken in
air using the proposed uninterrupted scan and uninterrupted data acquisition
mode (under conditions: 13 kHz scan rate, 1.07 x 0.98 nm? scan size, 52 Hz

frame rate, tuning fork driven by Vp_p = 1.82 V sine wave, 20 x 250 pixels,
520 kHz sampling rate).

duces, making the atoms look more and more mosaicked. This
failure mode implies that the data acquisition rate is too low
under this traditional mode. Our solution is to get rid of all the
switches between Iy acquisition and scan motion and make
the computer do nothing but acquire data. The scan motion
can be solely implemented by a function generator. Under
this “blind scan and blind acquire” mode, we first obtained
a HOPG atomic image at 13 kHz scan rate (Fig. 5, constant
height mode with 50 mV sample positive bias voltage) which
is not only the highest scan rate in literature that still holds
atomic resolution but also shows better image quality.

Now, we are in a position to increase the scan rate further.
Figure 6 is the atomic resolution HOPG image at 26 kHz,
which already exceeds the resonant frequency of the tuning
fork resonator. The scan size in the fast scan direction is low
because we knew the scan rate was close to the speed limit of
the data acquisition and reduced the scan size on purpose by
using a low fork driving voltage of 1.2 V. Also, the nanometer
target searching capability across the entire sample for this
microscope'’ should solve any scan size issue if needed.

166nA 59nA

FIG. 6. Atomically resolved HOPG STM image (raw data) in air at 26 kHz
scan rate. The right hand size image is the same as the left one except that
one unit cell is marked. Image size is 0.53 x 1.23 nm?, tuning fork driving
voltage is Vp_p = 0.22 V sine wave, pixel number is 10 x 250, sampling rate
is 520 kHz.
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81.76uA

14.70pA

FIG. 7. Atomically resolved HOPG STM image taken with an ultralow feed-
back resistor (= 10 k Ohm) showing the possibility of achieving atomic res-
olution images with faster preamplifier, image size is 1.72 x 1.23 nm?.

Since the graphite atoms can still be resolved at 26 kHz
scan rate and the only issue is lower pixel number per pixel-
line, we surely expect that this problem can be easily solved
by using a faster data acquisition card. It is worthwhile men-
tioning that the STM preamplifier is not a limiting factor
because we have obtained atomic resolution HOPG images
(see Fig. 7, in which the atoms are flakelike and the lattice
is skewed into square type from hexagonal, which is due to
distortion and can be corrected by spiral scan'®) using a feed-
back resistor as low as Rg = 10 k Ohm, which has a potential
bandwidth much higher than the 100 kHz used here. Also,
there are other technologies in literature that can enhance the
bandwidth of the preamplifier. One example is to use the STM
junction itself (which has high resistance and low parasitic
capacitance, thus providing a great bandwidth) to convert the
weak tunneling current into a strong voltage signal. We pro-
posed this idea and filed a patent application in 2006' and
in 2007 similar idea led to a radio-frequency STM® (which
unfortunately did not show any atomic resolution image).

It will be very interesting to see what failure mode at what
scan rate will show up first if we use a data acquisition card
much faster than 520 kHz.

V. CONCLUSION

We have presented a tuning fork resonator ultra-fast STM
that can provide atomic resolution at 26 kHz. The proposed
fully low voltage design and “blind scan and blind data
acquisition” make it possible for the scan rate to go beyond

Rev. Sci. Instrum. 82, 053705 (2011)

the resonant frequency of the resonator. The only failure mode
seen is lower pixel number per pixel-line. Using a faster data
acquisition card will presumably achieve unforeseeable high
imaging speed without losing atomic resolution.
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