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Combined scanning force microscopy and scanning tunneling spectroscopy of an
electronic nano-circuit at very low temperature

J. Senzier, P. S. Luo and H. Courtois*
Centre de Recherches sur les Trés Basses Températures - C.N.R.S. and Université Joseph Fourier,
25 Avenue des Martyrs, 38042 Grenoble, France.
*also at Institut Universitaire de France
(Dated: March 28, 2007)

We demonstrate the combination of scanning force microscopy and scanning tunneling spec-
troscopy in a local probe microscope operating at very low temperature (60 mK). This local probe
uses a quartz tuning fork ensuring high tunnel junction stability. We performed the spatially-resolved
spectroscopic study of a superconducting nano-circuit patterned on an insulating substrate. Signif-
icant deviations from the theoretical prediction are observed.

PACS numbers: 07.79.-v, 74.78.Na, 07.20.Mc

Scanning Tunneling Microscopy (STM) is a powerful
tool for imaging surfaces down to the atomic scale. It also
allows to measure the electronic Local Density Of States
(LDOS) with an accuracy of 2kpT given by the ther-
mal smearing. This so-called Scanning Tunneling Spec-
troscopy (STS) technique has been used in many fields
of condensed matter physics. Cryogenic environment is a
key to reach the best spectroscopic energy resolution and
access the fundamental electronic properties of quantum
mechanics-driven nanostructures. Nevertheless, the ap-
plication of STS in the field of mesoscopic devices and
nano-circuits is still in its infancy. The main reason is
that a STM needs a fully metallic surface to be operated
safely, which is not the case of nano-circuits patterned on
insulating substrates.

On the other hand, the Atomic Force Microscopy
(AFM) technique [[] is capable of imaging any kind of
surface with an excellent resolution, although no infor-
mation can be gained on the electronic LDOS. A com-
bination of both modes of microscopy in a versatile in-
strument, namely a cryogenic AFM-STM with the STS
capability, is therefore of particular interest. As the same
tip is used for both microscopy, a metallic nano-circuit
can be located with the force microscopy before being
probed in the tunneling mode. The local spectroscopy of
the nano-structure is then possible like in an usual STS
experiment.

The STS is a very demanding technique in terms of
junction stability. The use of a metallized cantilever as
the force sensor is therefore prohibited, since its natu-
ral flexibility would prevent a sufficient tunnel junction
stability. An alternative consists in the use of a quartz
tuning fork (used in watches), which was proposed in the
framework of Scanning Near-field Acoustic Microscopy
[P and since then applied in many kinds of local probes
[E], H B, Fl. A tuning fork-based AFM probe brings the
advantage of its natural stiffness at low frequency, which
is a prerequisite for the STS. Moreover, the oscillation
of a tuning fork can be detected with electrical means,
avoiding any optical setup. Finally, a tuning fork dis-
sipates a very small amount of power. This makes the
tuning fork-based AFM the choice candidate for AFM-

STM experiments at very low temperature.

In this letter, we report on the characteristics and per-
formances of a combined AFM-STM operating at very
low temperature down to 60 mK in a dilution refrigera-
tor. We demonstrate its application to the study of the
local electronic properties of a superconducting submi-
cron wire patterned on a sapphire substrate. Significant
deviations from the BCS prediction are observed, which
are related to the very small thickness of the wire.

Our AFM-STM is an evolution of a home-made very
low temperature STM [ﬂ, . The microscope is thermal-
ized on the top plate of an upside-down dilution refriger-
ator with a base temperature of 60 mK. Every electrical
connection entering the microscope’s hermetic calorime-
ter is now filtered with radio-frequency filters made of 20
cm-long high capacitance micro-coaxial wires @]

We are using commercial quartz tuning forks resonat-
ing at 32768 Hz. To mount a probe, we first cut the
tuning fork packaging just above the fork prongs end.
Keeping the tuning fork box avoids possible damage
to the tuning fork itself and provides a good electrical
shield for the electrical measurements. Then we glue
an electrochemically-etched tungsten tip with a small
amount of conductive epoxy at the end of the top prong,
see Fig. 1 inset. The metallic contact between the tip
and one tuning fork electrode enables us to use the latter
as the tunnel current collector while the other electrode
is used for the AFM signal measurement. We chose to
mount the tip perpendicular to the tuning fork prongs, so
that tip-sample interaction forces are probed, not shear
forces.

After fabrication, the tuning fork probe is fixed on the
microscope scanner tube. It is excited mechanically by
adding a small a.c. component to the high voltage ap-
plied to the tube’s inner electrode. Although the tube
response is attenuated by about two decades in ampli-
tude in the relevant frequency range (30-32 kHz), this
method avoids the use of an additional piezo-electric ele-
ment and enables us to measure simultanously the tunnel
current and the AFM signal. Compared to a bare tuning
fork, the resonance frequency shift and the quality factor
of a tuning-fork probe depend strongly on the amount of
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FIG. 1: (Color online) Plot of the phase (dotted line) and

amplitude (full line) of the AFM-STM probe response close to
its resonance. The measurement is performed at 4 K with a
mechanical excitation through the scanner tube. Inset: Pho-
tograph of the probe made of a tungsten tip glued with silver
epoxy on one electrode of the quartz tuning fork. The cylin-
drical tuning fork packaging (length 8 mm) was cut just above
the fork prongs prior to gluing.

glue and on the geometry of the tip gluing. Figure 1 dis-
plays a typical frequency response of an AFM-STM probe
at cryogenic temperature. The resonance frequency is
shifted down by about 700H z while the quality factor of
about 50000 remains quite good.

As the tip approaches the sample surface, the tuning
fork oscillation is influenced by the tip-sample interac-
tion forces. In the small amplitude limit, the resonance
frequency is shifted proportionally to the force gradient
[EI, . Figure 2a shows a typical dependence of the fre-
quency shift A f as a function of the tip-sample distance.
The zero distance reference has been defined with an esti-
mated accuracy of 0.3 nm as the position where a tunnel
resistance of 1G€2 is reached (at a 0.5 Volt bias). The
oscillation amplitude of 0.8 nm is close to the small am-
plitude limit, so that the resonance frequency shows a
clear negative shift regime and exceeds - 1 Hz at a dis-
tance of about 3 nm. For the sake of operation reliability,
we chose to operate in the positive shift region which fea-
tures a steep evolution of the frequency shift as a function
of distance of the order of 2 Hz per nanometer.

As for AFM imaging, we use a Phase Locked Loop
electronics that maintains the excitation frequency pre-
cisely at the resonance, while an adjustable gain amplifier
also maintains the oscillation amplitude constant. In this
Frequency Modulation mode (FM-AFM), the measured
frequency shift feeds the distance regulation electronics
that operate with a setpoint of 0.15 to 0.5 Hz. As for test
images, Fig. 2b shows an image of a reference sample
made of a silanized silica surface with adsorbed colloidal
Au nano-particles of 5 nm diameter. Dots appear with
a height of 5 nm and a full width at half maximum of
about 35 nm. This apparent size increase shows that our
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FIG. 2:

(Color online) (a) Frequency shift Af as a function
of the tip-sample distance on a Nb-Au film at 150 mK. (b)
0.7 x 0.7um? very low temperature AFM image of a silica
surface with adsorbed Au nano-particles of 5 nm diameter:
Af =04Hz and T = 100 mK, z-scale is 6 nm. (c) 1600 x
300 nm? AFM image of atomic steps on an annealed R-plane
sapphire wafer: Af = 0.2Hz and T = 90 mK, z-scale is 3 nm.

lateral resolution is limited by a tip radius of about 15
nm. In the vertical direction, we achieve routinely atomic
resolution. As an example, the Fig. 2c¢ image of a sap-
phire R-plane substrate annealed for 1h in air at 1100°C
displays regular atomic steps (step height of 0.34 nm).
The measured corrugation on a given atomic plane is 0.1
nm, which demonstrates the excellent vertical resolution
of the set-up.

We have achieved very low temperature AFM-STS ex-
periments on submicron Nb wires patterned on such a
sapphire substrate. An epitaxial Nb layer of 15 nm was
deposited in UHV at 500°C and covered by a thin Si (5
nm) capping layer [@] We used e-beam lithography and
Reactive Ton Etching (RIE) to pattern a Nb meander
line. Our process provides a clean Nb surface, although
a few small local defects may remain. Figure 3a shows
a 3D representation from an AFM image of a sample at
T = 100 mK. A Nb wire with a width of about 300 nm
and a height of 8 nm is imaged, in agreement with expec-
tations. The observed r.m.s. corrugation on the wire’s
surface is about 0.8 nm. After taking several images, we
moved the probe over the wire and switched the micro-
scope to the STM mode. At this moment, the tuning
fork is no longer excited and the input of the distance
regulation is fed with the tunnel current signal.

We performed local spectroscopy measurements by ac-
quiring direct I-V characteristics that were subsequently
numerically differentiated in order to access the LDOS. A
series of spectroscopies was acquired along the arrow dis-
played on Fig. 3b and with a 5 nm displacement between
every spectroscopic measurement. In this case, displace-
ment and spectroscopic measurements were made with a
constant tip-sample distance corresponding to a 50 M)
tunnel barrier. The tunnel resistance could be decreased
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FIG. 3: (Color online) (a) 140 x 950 nm? AFM image of a
300 nm-wide Nb wire patterned on a sapphire substrate at 100
mK. Frequency shift is 0.15H z, tip oscillation amplitude is 1
nm, scanning speed is 175 nm/s. (b) Differential conductance
spectra acquired at 100 mK in units of the high bias conduc-
tance equal to 50 M2. The spectroscopies from bottom to
top were acquired along a 25nm-long displacement of the tip
on the Nb wire. The arrow superposed on the AFM image
gives the position, length and direction of the spectroscopic
scan.

down to 10 M2 while still keeping a good junction sta-
bility. The noise level of the I-V characteristics is due
to both the vibration of the tip-sample distance and the
measurement noise. The exponential dependence of the
tunnel current I with the distance z gives the formula:

8 1)

m being the electron mass and W the metal work func-
tion of about 4 eV. Neglecting the effect of the measure-
ment noise, the measured current noise level of below
0.5% gives then an upper limit for the peak-peak tip vi-
bration of 0.5 pm. This demonstrates the high stability
of the tuning fork-based AFM-STM probe.

The Figure 3b spectra display a clear superconducting
gap with a width of 2A=2.32 meV which is slightly below
the gap of bulk Nb (3.0 meV) but consistent with the

measured critical temperature of 7.4 K. The expected
superconducting coherence length is 9.8 nm. The third
spectrum shows slightly smaller coherence peaks than the
others. This behavior is presumably related to a local
defect that weakens locally the superconductivity. The
other spectra are very close to each other and show a
smearing that cannot be accounted for by the measured
sample temperature (100 mK).

As an energy resolution test, we performed AFM-
STM spectroscopy experiments on thick Nb films. We
obtained spectra that could be fitted by the Bardeen-
Cooper-Schrieffer (BCS) theory and an effective temper-
ature close to 200 mK, in agreement with our recent STS
experiments [f]. We therefore conclude that our measure-
ments are not affected by thermal smearing or noise and
give an accurate measure of the LDOS of the Nb surface.
The LDOS thus features smeared peaks and a significant
sub-gap density, in clear deviation from the BCS theory.
This behavior appears to be linked to the small thick-
ness of the film as the same behavior was observed on
unprocessed films of similar thickness. An inverse prox-
imity effect due to the presence of a metallic and non-
superconducting Nb oxide layer at the sample surface or
at the sapphire-Nb interface is a possible explanation for
the observed behaviour which calls for further investiga-
tion.

In conclusion, we have developed a very low tempera-
ture local probe combining Force Microscopy and Scan-
ning Tunneling Spectroscopy. The high rigidity of the
tuning fork used as a force sensor enables us to obtain
highly stable measurement conditions as demonstrated
by a first spectroscopy experiment on a submicron su-
perconducting wire. This combined AFM-STM tech-
nique opens wide perspectives in the study of quantum
nano-circuits. This set-up can be used for Scanning Tun-
neling Potentiometry of a current-biased device. By us-
ing a superconductive tip on a metallic sample, out-of-
equilibrium effects can be investigated through measure-
ments of the local energy distribution function [@}
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