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Abstract: We present design and first results of the 2nd generation variable temperature scanning probe microscope (SPM) that has
been developed to enhance the performance in tunneling spectroscopy at lower and variable temperatures. The new microscope for
ultra high vacuum is based on a new stage design using a flow cryostat compatible for cooling with nitrogen or helium. In contrast to
earlier established designs of variable temperature SPM’s where only the sample is cooled, this new SPM also cools the scanner with tip.
This is realized by a new developed compact microscope stage with thermal shields and a cooling management system. With the new
design we achieve lower temperatures and improve drift by more than an order of magnitude compared to previous variable
temperature stages. Sample temperatures below 7 K (with helium) and 85 K (with nitrogen) have been reached. We achieved
temperature stability better than 1mK / min and a thermal z drift below 0.3 Ångstrom/min. During cooling the mechanical z stability is
better than 2 pm. These conditions enhance spectroscopy measurement capabilities. ”Loop off” times of up to 10 s per single
spectroscopy curve have been measured. The new flow cryostat also allows for switching between nitrogen cooling and helium cooling
in less than 90 min during a running experiment. Pre-cooling with nitrogen during the starting phase of an experiment also reduces
helium costs. This new SPM is configured for imaging in STM as well as AFM with a non-optical sensor in a temperature range
between 10- 400 K. Switching between the 2 modes can be accomplished without breaking vacuum.

Introduction & Motivation
Commercial scanning probe microscopes for ultra high
vacuum have been available since the late 1980’s for
room temperature measurements [1]. With increasing
interest in this new techniques different temperatures
became interesting. This to look at temperature
dependend effects like catalytic reactions, to immobilize
molecular structures on a surface or for enhancing
spectroscopy resolution at lower temperatures. First
commercial variable temperature STM’s have been
available in 1994 [2]. They realized a design of cooling
or heating the sample only while keeping the rest of the
instrument at room temperature (figure 1). Cooling was
achieved by connecting a flow (or bath) cryostat via a
flexible cooling connection with the sample during the
cooling process. With this design sample temperatures
down to 25K and operation at variable temperature was
achieved.

Figure 1: Variable temperature design with a “warm tip” as
realized in the Omicron VT SPM.

Technical Article: Fermi SPM

V 2.0

Molecular structures have been imaged successfully at
low temperature with this design [3] [4]. It was also used
to study growth processes at low temperatures [5] [6]
[7]. Spectroscopy measurements on organic films have
been realized at room temperature at low currents [8].
However, for dedicated low temperature spectroscopy
measurements, the design of a cold sample and a warm
tip [2] [9] [10] causes experimental challenges with
respect to the achievable thermal drift and the impact of
a warm tip (figure 1). Therefore most spectroscopy
experiments at low temperature [11] [12] [13] are
normally done with low temperature systems that cool
the complete microscope [14] [15]. These systems are
more complex and use a combination of bath cryostats
making this type of system more expensive compared to
variable temperature systems [2]. A new variable
temperature design with improved thermal drift, lower
temperature, improved tunneling spectroscopy and
capable to upgrade existing systems at reasonable costs
is therefore interesting.
Cooling Concept
A new concept for cooling is realized (figure 2). It
includes cooling the scanner and introduces an optimized
heat management system. Similar to previous variable
temperature setups a flow cryostat is used. The cryostat
can operate with helium or nitrogen. The microscope
realizes a scanned tip design. The compact scanner is
directly mounted to the STM stage (see figure 3). Sample
and STM stage are both separately connected via flexible
cooling connections to the cold finger of the flow cryostat.
Heater elements and temperature sensors are used for
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temperature regulation. An outer thermal shield is
pre-cooled by a connection to the exhaust gas line of the
flow cryostat. All heater elements with temperature
sensors are controllable individually with a controller.

Figure 3: Optical access and stage details.

Figure 2: Cooling concept with individual cooling of sample and
scanner (red: heater & temperature sensor elements).

Stage Design
We concentrated on most important functionality and
designed a small and compact microscope stage (figure 3).
The new compact scanner with in-situ tip exchange is
directly mounted to the STM stage for high stability. The
sample reception is mounted on an r,φ slider for coarse
motion in z and x direction. The sample is fixed by
mechanical springs that are activated using the wobble
stick after transferring the sample into the sample stage
(figure 4). This avoids load on the clamping mechanism
during sample insertion that could loosen sample
clamping over time. The stage has two ports with
windows for optical access and one for in-situ
evaporation experiments. The stage diameter is only
60mm. Scan range (x,y,z) at room temperature is 2.9µm x
2.9µm x 0.9µm. At 10K the scan range is reduced to
0.8µm x 0.8µm x 0.3µm.
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Figure 4: Sample reception with clamping mechanism
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System integration
Integration to an existing UHV system is straightforward
(Figure 5) using a “bolt-on” concept. The microscope is
mounted to a CF150-108 (tube diameter 108mm) flange
and mounted to a small SPM chamber (blue). The
chamber (with the microscope) is mounted to a suitable
flange (CF200-156, tube diameter156mm) of the UHV
system (figure 6). The chamber includes the microscope,
a carousel for tips and samples, a tip loading device and a
rotatable wobble stick to load and transfer samples or tips.
This chamber is normally pumped through the main UHV
system. It is also possible to mount an ion pump to the
SPM chamber in situations where the chamber is
separated from the main chamber by a gate valve. The
microscope uses an internal spring suspension and eddy
current damping for vibration isolation.

Figure 5: The instrument (Fermi SPM) mounted on a
CF150-108 flange.

In-situ tip exchange
In-situ tip exchange is essential for efficient work in UHV
and to change quickly between STM and AFM mode
without venting the system. We developed a new
mechanism that inserts a tip through the rear side of the
scanner tube. A tip loading device (figure 7) operated by a
rotatable wobble stick, picks up a tip from a tip carrier
plate, inserts it through the scanner and places the tip on
top of the scanner using a bayonet like mechanism.
During tip exchange the sample can remain in the sample
stage. The rotatable wobble stick is also used to transfer
samples and tip carrier plates between the carousel and
the microscope. It also operates the door shield of the
microscope stage.

Figure 7: In-situ tip exchange. A tip loading device operated by
a wobble stick picks up tips from a tip carrier plate and inserts
them in the scanner.

Figure 8: Tip transfer plate and tip holders for STM and QPlus
AFM.
Figure 6: Integration to a UHV system.
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Cool down and temperature stability
Cooling liquid is transferred from a Dewar to the flow
cryostat via a flexible transfer tube (figure 12). By using a
little overpressure in the Dewar it is possible to work
without mechanical pumps. This reduces a possible
influence of mechanical pumps on the vibration isolation.
The overpressure in the Dewar is kept constant at 1 psi for
helium and 2 psi for nitrogen all the time. A constant flow
of helium or nitrogen is adjusted with a needle valve. Best
thermal drift in STM measurements is achieved with the
scanner temperature stabilized at a higher temperature
compared to the sample. The scanner temperature is
controlled via a heater element and temperature sensor at
the SPM head where the scanner is mounted to. For
simplicity we refer in the following to this as “scanner”
temperature. The temperature gradient to the tip itself is
about 5K. The sample temperature is measured close to
the sample at the sample stage (figure 4). Cool down
curves for sample and scanner after initial cool down are
shown in figure 11. The cool down procedure takes about
2.5 hours until stable drift values for STM experiments
are reached. Lowest sample temperature was achieved at
7K. The scanner temperature is stabilized at 25K. After 3
hours the sample was exchanged. Figure 9 and 10 show
sample and scanner temperature stabilization after sample
exchange. A temperature stability of 0.1mK/min was
achieved at the SPM head (scanner) with active
temperature regulation. The consumption of helium as a
function of the sample temperature is shown in Figure 13.

Figure 11: Cool down with helium from room temperature. The
STM stage was released into the eddy current vibration isolation
after 1 hour, after 2.5 hours cool down is finished and ready for
STM experiments.

Figure 9: Temperature stabilization at the SPM head (scanner).
Figure 12: Cooling set-up, the flow cryostat is connected via a
flexible transfer tube to the Dewar. A little overpressure in the
Dewar is used to bring helium or nitrogen through the flow
cryostat. An overpressure valve limits the pressure in the Dewar
to 1psi for helium and 2psi for nitrogen cooling.

Figure 10: Temperature stabilization at the sample stage.
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Figure 13: Helium consumption
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STM measurements on Au(111) at 10K
Resolution was tested on the Au(111) surface with helium
cooling. The Au(111) surface with the herringbone
reconstruction is an ideal and challenging test sample.
The corrugation of Au atoms with a height modulation of
10pm is superimposed by the herringbone reconstruction
in the range of several 10pm [16]. Figure 14 shows first
topography raw data with a sample temperature of 10K.
Atomic resolution and herringbone reconstruction is
clearly visible. The line profile in figure 15 proofs the z
stability in the range of a few pm.

was stabilized at 25K (see figure 9). After temperature
stabilization the relative drift between the tip and the
surface was measured with feedback loop on in
tunneling contact. Recorded z values versus time shows
an average thermal drift between tip and sample of
0.4pm/s or 0.24Å/min (figure 17).

Figure 16: Line profile showing an instability of 2pm. Inset:
Topography data (z) of the stability measurement on Si(111),
sample stage @7K, scanner@25K, Ugap= 1.8V, It= 1nA, (25nm
x 25nm, 300pts x 300lines, scan speed 220nm/s.

Figure 14: STM on Au(111),10nm x 6 nm, Ugap = -0.5V, It = 2nA,
sample stage@10K, scanner@25K, unfiltered raw data!

Figure 17: Z drift with feedback on, sample@7K, scanner@
25K.

Figure 15:Line profile Au(111), sample@10K, scanner@25K.

Stability of the tunneling contact
Stability was tested in point mode (tip not scanning) on a
Si(111) surface with the same parameters as used during
scanning. The sample stage was cooled down to a
temperature of 7K. With the tip in tunneling contact
topography data was recorded and stored as image (inset
of figure 16).The line profile of the data is displayed in
figure 16 gives a peak-to-peak noise of the z signal in the
order of 2pm.
Drift in z direction
Thermal stability of the whole system (scanner with tip
and sample) is important for measurements at low or
variable temperatures. We used a constant helium flow to
cool down the sample to 7K. The scanner temperature
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Cooling with nitrogen
It is possible to operate the flow cryostat with nitrogen.
This is interesting for experiments at higher temperatures
(>85K) or to reduce helium consumption. Nitrogen can be
used for initial cool down or first experiments on new
samples to optimize the set up and work on tip
conditioning. Nitrogen cooling can also be used to keep
sample and tip cool longer times (i.e. over night or over
weekend). Figure 18 shows the cool down using nitrogen.
Cool down with nitrogen is finished after 3 hours with an
achieved sample temperature of 85K. The scanner
temperature is regulated a temperature of 95K. The
cooling concept allows transition from nitrogen to helium
cooling and vice versa by switching the transfer tube
between the different Dewars. Figure 19 shows a cooling
sequence using nitrogen and helium. Cool down started
with nitrogen. After 7 hours cooling was switched to
helium. Low drift conditions to start measurements are
reached 90 min after switching from nitrogen to helium
cooling.

May 2014

© Oxford Instruments

5

figure 21) shows the onset of the surface states on
Au(111) at -505mV [17].

Figure 18: Cool down with nitrogen. A sample temperature of
85K is achieved. Scanner temperature is stabilized at 95K.

Figure 20: STM topography and line profile on Au(111), 3nm x
3nm, Ugap=-10mV , I=4nA, sample@95K, scanner@105K

Figure 19: Cool down with nitrogen and switch to helium.

STM on Au(111) with nitrogen cooling
We tested the stability of the microscope by using
nitrogen with the same cooling set-up compared to
cooling with helium. The sample stage was cooled to 95K.
Figure 20 shows the topography image and a line profile
of Au(111) surface. Atomic resolution is clearly visible
and the line profile shows a corrugation of about 10 pm.
Spectroscopy on Au(111)
The main goal of the new instrument design was
improving the thermal drift for a variable temperature
design for better spectrosocpy performance. This was
tested with a tunneling spectroscopy experiment in point
mode. Experiments are done with helium cooling and a
sample stage temperature of 10K. Without scanning the
tip was positoned on a point above the Au(111) surface.
After positioning the tip on the surface the feedback loop
was switched off and the gap voltage was ramped from
-0.8V to 0.2V and back to -0.8V. The total time for a
single measurement with feedback loop off was 10s.
I(V) and dI/dV curves have been measured
simultaneous. The I(V) curve (Figure 21)for ramp up
and ramp down only shows a small offset in the
tunneling current indicating a low drift of the tip in z
direction. Simultaneous recordeded dI/dVsignal (inset
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Figure 21: Point spectroscopy on the Au(111), sample@ 10K,
scanner @ 25K, voltage ramped from -0.8V to 0.2V to -0.8V.
Feedback loop switched off for 10s. Inset: Simultaneous
recorded dI/dV curve.

Standing electron waves on Ag(111) at 10K
Surface states electrons of close packed surfaces of noble
metals form a nearly two dimension free electron gas.
These can directly be measured using scanning
tunnelling microscopy [18]. The Ag(111) surface has a
surface state at -65 mV [17]. This surface state of
Ag(111) is directly measured using dI/dV spectroscopy.
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Surface state electrons scatter from defects and step
edges on Ag(111) and produce interference patterns
known as electron standing waves. The electron standing
waves can be directly observed even in normal STM
images when acquired at lower biases close to the Fermi
energy on Ag(111). STM and spectroscopy
measurements have been carried out at a sample
temperature of 10K. Figure 22 displays the STM
topography measurement at a surface step showing the
interference patterns. Spectroscopy point measurements
(figure 23) show the onset of the surface states on
Ag(111).

~ 1800 N/m), it can operate with smaller oscillation
amplitudes compared to conventional cantilevers. The
tip of the QPlus sensor can be tungsten or any other
suitable tip material. The sensor is also useful for AFM
navigation of the STM tip and subsequent STM imaging
and spectroscopy. Due to the stiffness and the use of
solid metal tips the QPlus sensor is also suited for STM
imaging with high stability.
QPlus AFM on NaCl(100) at 10K
Experiments with a QPlus AFM sensor and a sample
temperature of 10K show atomic resolution on
NaCl(100) (figure 24). The typical corrugation measured
is ~ 7pm.

Figure 22: Electron standing waves on the Ag(111), 100nm x
100nm, Ugap = 5mV, I =2nA, sample @10K, scanner@25K.

Figure 24: QPlus on NaCl(100)Sensor frequency f =24.4 kHz,
frequency shift: df=-23Hz, oscillation amplitude: A=0.70nm, Q
factor: 2000, sample@10K, scanner @25K, inset: Force
spectroscopy curve df(z).

Figure 23: I(V), Ugap= 100mV, I= 1nA, voltage ramped from
-1V to 1V to -1V, 10s per curve, 250 points/curve, curve show
average of 10 measurements, dI/dV curve (inset) measured
simultaneous with I(V), parameters for dI/dV measurement:
Vmod=6mV, f=5816Hz, Measured onset of surface states ~
-70mV.

AFM functionality using a non-optical AFM sensor
The QPLUS® [19] sensor is a new approach for
non-contact-AFM [20] [21]. The QPlus sensor (see
figure 8) uses a modified quartz tuning fork. One prong
of the tuning fork is fixed while the SPM probe tip is
mounted to the (free oscillating) second prong. It acts as
a quartz lever, transforming its oscillation into an
electrical signal as a result of the piezo-electric effect.
Due to the stiffness of the QPlus sensor (spring constant
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Summary
We realized a new variable temperature SPM with a cold
tip and with improved drift performance compared to
established designs. The “Cold Tip SPM” uses a flow
cryostat that can be operated with helium or nitrogen.
Sample and scanner are individually connected the
cryostat cold finger using flexible cooling connections.
Transition from helium to nitrogen cooling and vice versa
is realized by a simple switch of the Dewar. Lowest
achieved sample temperatures are 7K with helium and
85K with nitrogen. The z stability achieved during
cooling is better than 2 pm. Thermal drift between tip and
sample achieved was below 0.3 Ångstrom/min for stable
conditions. The temperature stability is better than
1mK/min. This new SPM is configured for imaging in
STM as well as AFM with a non-optical sensor in a
temperature range between 10 - 400 K. Switching
between STM and AFM mode can be accomplished
without breaking vacuum. The instrument concept with
bolt-on chamber offers a cost effective way of upgrading
existing UHV systems.
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Technical Data:
Scan (and offset) range (X/Y/Z):
2.9μm x2.9μm x0 .9μm (300K)
1.5μmx 1.5μm x 0.5μm LN2 (Sample ≈ 85K , Tip ≈ 110 K)
0.8μm x0.8μm x0.3μm LHe (Sample ≈ 10K , Tip ≈ 28 K)
Maximal sample size: 11 mm x 11 mm
2D coarse positioning (R-Phi):Tip approach range: 6
mm
Lateral sample coarse range: 6 mm
Fast in-situ tip exchange, sample can remain in cooling
position during exchange
Tunneling current: < 1 pA – 330 nA
Maximum bakeout temperature: 150 °C
Vacuum achievable: 10-11 mbar range
Vibration isolation: Internal eddy current damping
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