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We demonstrate the spectroscopic capabilities of an ac scanning tunneling microscope. This ac
scanning tunneling microscope has a bias voltage modulation frequency tunable over the range
dc—20 GHz and is thus capable of recording images and Jocal specira of insulating as well as
conducting substrates. In this article we detail the spectral sensitivity and the tip-sample
separation dependence of the spectra recorded by simultaneously tuning the modulation and
detection frequencies. Spectra of an evaporated gold film and of self-assembled monolayers of
CH,;{CH,);sSH and of CH;0,C(CH,},sSH on gold are presented.

i. INTRODUCTION

In conventional scanning tunneling microscopy'? a dc
bias voltage is applied to a metal tip that is brought within
a few atomic diameters of the surface of a conducting or
semiconducting sample to give a tunneling current that
depends strongly on the separation of tip and sample. The
current is used for feedback control of the tip-sample sep-
aration as images of the surfaces are recorded. For an in-
sulating sample, a dc tunneling current cannot be con-
ducted through the sample. Kochanski showed that by
using a high frequency ac bias voltage, the nonlinearity of
the scanning tunneling microscope (STM) junction allows
the third harmonic of the modulation frequency (3f,) to
be used for feedback control of the tip-sample separation in
what he called an alternating current scanning tunneling
microscopy (ACSTM).? This allowed imaging of insulat-
ing films with a lateral resolution of ca. 1 nm. In Kochan-
ski’s design and in subsequent experiments by others, the
ACSTM junction was placed in a microwave cavity reso-
nant at the detection frequency (3 ;). This limited op-
eration to an extremely narrow frequency range. Michel
et al. placed an ACSTM in a tunable resonant cavity, but
since the tuning required mechanical adjustment, spectra
could not be obtained in this configuration.” We have re-
cently obtained atomic resolution images on graphite, and
resolution comparable to Kochanski’s on a number of
metal, semiconductor, and insulator surfaces.®’ Since we
employ sensitive microwave network and spectrum analyz-
ers for detection and low-loss transmission lines, we can
work over a broad frequency range—dc to 20 GHz—
without the need for a resonant cavity.®’ As illustrated
below, this allows us to record local microwave frequency
ac tunneling spectra on insulators and other materials.%” A
major impact of this mode of scanning probe microscopy is
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expected to be in the evolution of a method to distinguish
chemical features at a surface with molecular resolution.
Since any given molecular group is likely to exhibit a
unique dielectric response over a broad bandwidth, a po-
tential signature is available to carry out such chemical
imaging. With this in mind we have prepared surfaces cov-
ered with molecules with chosen chemical groups by tak-
ing advantage of the technique of self-assembly to produce
air-stable monolayers. In particular, in this article we
present results for self-assembled monolayers of
CH;(CH,;)sSH and of CH;0,C(CH,)sSH on Au{l11}.
These are a pair of molecules of very similar size and in-
termolecular inferactions which in self-assembled mono-
layers have very similar surface presentation of terminal
methyl groups. These alkane thiols have identical alkyl
chain lengths; the only difference is the substitution of the
terminal methyl group for a methyl ester group. We show
that unique spectra (microwave amplitude versus fre-
quency) are observed for these films.

. EXPERIMENT

The experiments reported here we conducted in air us-
ing two different STM designs. One is based upon a mod-
ified louse,” while the other is a Besocke beetle-style STM.®
In both microscopes, the sample connection is made on the
same side of the tunnel junction as the ACSTM tip, and the
sample approaches the ACSTM tip. The modulation/
detection frequency is tuned sc as to determine the opti-
mum frequencies for imaging and to record spectra of the
sample at the position of the ACSTM junction. All the
spectra reported here were recorded at room temperature
in air. The microwave frequency source is a Hewlett-
Packard 83620C with a 1 Hz bandwidth.® The signal at the
modulation frequency is recorded with a Hewlett-Packard
8510C network analyzer.” The signals at the modulation or
other frequencies such as the harmonics of the modulation
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FIG. 1. Amplitude detected at the modulation frequency with the
ACSTM probing an evaporated gold film, recorded as described in the
text. Spectra are shown for tip-sample separations which with a dc bias
voltage of — 10 mV give dc tunneling currents of: 500 pA, 1 nA, 2 nA,
and 4 nA, as indicated. Note that the detected amplitudes are plotted
logarithmically.

frequency are recorded using a Hewlett-Packard 71210C
spectrum analyzer.® The narrow bandwidth used allows us
to reduce the effect of broadband noise.

The gold films were prepared by evaporating gold onto
hot mica (temperature = 340°C, pressure= (1-6
%10~ 7 Torr). The self-assembled monolayers of
CH,(CH,)5sSH and of CH;0,C(CH,)sSH were prepared
by soaking the substrate in a solution of the desired thiol in
ethanol (1X10~°M) for four days. Companion samples
were characterized by infrared spectroscopy, liquid drop
contact angle, and ellipsometry to verify the quality of the
assembled films.!® All the samples studied here were suffi-
ciently conductive that we were able to use a simultaneous
dc tunneling current to control the tip-sample separation
while recording spectra. In the data shown, we reference
the tip-sample separation by indicating the dc bias and
tunneling current.

Iil. RESULTS AND DISCUSSION

In Fig. 1, we show microwave frequency ac tunneling
spectra recorded with the tip within tunneling range of an
evaporated gold film (in air) as the modulation and detec-
tion frequency are simultanecusly tuned. The tip height
was held constant during each measurement by leaving the
feedback loop locked onto a preset dc tunmeling current
present due to dc bias voltage of — 10 mV applied to the
ACSTM tip. Note that the logarithm of the measured am-
plitude is plotted.

In Fig. 2 we show spectra recorded with the tip within
tunneling range of a self-assembled monolayer of
CH;(CH,)sSH on an evaporated gold film (in air). Once
again spectra are shown for various tip-sample separations
as measured and controlled by a dc tunneling current for a
dc bias voltage of — 10 mV applied to the ACSTM tip.
The spectra are nearly identical for different dc tunneling
currents, but are substantially different than the spectra of
bare gold shown in Fig. 1. In Fig. 3, we show spectra
recorded on a  self-assembled  monolayer of
CH,0,C(CH,)5sSH on an evaporated gold film (in air) as
for Fig. 2. For this molecule the methyl termination is
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Fic. 2. Amplitude detected at the modulation frequency with the
ACSTM probing a self-assembled monolayer of CH;(CH,),sSH on an
evaporated gold film, recorded as described in the text. Spectra are shown
for tip-sample separations which with a dc bias voltage of — 10 mV give
dc tunneling currents of 500 pA, 1 nA, 2 nA, and 4 nA, as indicated. Note
that the detected amplitudes are plotted logarithmically.

replaced with a methyl ester termination. Once again, the
spectra shown for the film are nearly identical. There is
substantial similarity with the spectra of the closely related
methyl-terminated thiol shown in Fig. 2, but differences in
the 2—4 GHz and other regions.

The spectra shown are typical of those recorded over
different areas of each surface away from surface defects.
Our main point here is that the structure shown in the
spectra are reproducible. The structures in the spectra are
not critically dependent on the changes in the impedance
matching at the bias supply cable and tunneling current
transmission line terminations formed by the tunnel junc-
tion. Rather, the spectral structure is determined by the
identity of the molecule(s) in the tunnel junction.

Among all these spectra the one region where there are
some differences for various tunneling impedances for a
single film is for 16-18 GHz over the bare gold film shown
in Fig. 1. Tt is known that Au atoms move rapidly on this
surface in air, and that in addition there is a contamination
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FiG. 3. Amplitude detected at the modulation frequency with the
ACSTM probing a self-assembled monolayer of CH,0,C(CH;)5SH on
an evaporated gold film, recorded as described in the text. Spectra are
shown for tip-sample separations which with a dc bias voltage of — 10
mV give dc tunneling currents of 500 pA, 1 nA, 2 nA, and 4 nA, as
indicated. Note that the detected amplitudes are plotted logarithmicaily.
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TiP-SAMPLE SEPARATION (in A}

Fic. 4. Microwave frequency amplitnde detected at the modulation fre-
quency of 2 GHz and dc tunneling current with the ACSTM probing a
single crystal Au{111} surface in air, as the tip-sample separation (z) is
varied. The zero of tip-sample separation is assigned to point contact
between fip and sample.

layer that presumably also moves."! We tentatively assign
the spectral variations observed in this case to motion of
the gold and/or this adsorbed layer.

The small difference in the amplitude for the various tip
heights we believe to be due to reciification of the ac bias of
0 dBm (224 mV rms into 50 &) dominating the dc current
measurement under the conditions used. We typically find
a stronger distance dependence for the ac amplitude than
Figs. 1-3 would indicate. This is shown in Fig. 4 for the ac
amplitude at 2 GHz and the dc tunneling current versus
ACSTM tip-sample separation over a bare Au{ill} sur-
face in air. Simultaneous tip bias voltages of — 10 mV dc
and G dBm at 2 GHz were applied, and both the ac and dc
currents were measured. The tip-sample separation was
decreased from being out of tunneling range into point
contact, and then the ACSTM tip was pressed intc the
sample. Each measurement was done at a fresh position on
the surface and the data shown in Fig. 4 are typical of a
single scan. We assign the zero of tip-sample separation as
point contact between tip and sample.'>!> When the tip is
pushed beyond point contact, stepwise increases in both ac
and dc current are found as has been observed in previous
measurements.'>'* Note that in tunneling range where im-
ages and spectra are recorded, the ac tunneling current
varies more rapidly with tip-sample separation than does
the dec tunneling current.

By removing the large capacitive term in “linear imped-
ance” we are able to use the amplitude at the modulation
requency for feedback for obtaining images and for re-
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cording spectra as shown above. By linear impedance we
rean loss at the modulation frequency (f,) as opposed to
amplitude detected at harmonics of this frequency {(nfy).
We note that for bare Au in air the amplitade at 2, is 92
dB down from the amplitude at the fundamental, and the
amplitude at 37, is 1{8 dB down from the fundamental.
For insulating substrates, we have observed the amplitude
of the harmonics to be within 18 dB of the fundamental
due tﬁo the highly nonlinear tunnel junction formed in that
case.

V. CONCLUSIONS AND FUTURE PROSPECTS

We have shown that spectral features in microwave fre-
quency ac tunneling spectra remain substantially constant
with tip-sample separation. We have shown that adlayers
on surfaces determine the measured spectral features, and
that we are sensitive to the chemical identity of the mole-
cule in the ACSTM tunnel junction. The goal of our re-
search is molecular scale chemical imaging. Experiments
are in progress toward this end utilizing a series of mixed
composition self-assembled monolayers.
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