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Synchrotron X-Ray Scanning Tunneling Microscopy:
Fingerprinting Near to Far Field Transitions
on Cu(111) Induced by Synchrotron Radiation

Volker Rose,* Kangkang Wang, TeYu Chien, Jon Hiller, Daniel Rosenmann,

John W. Freeland, Curt Preissner, and Saw-Wai Hla

The combination of the high spatial resolution of scanning tunneling micros-
copy with the chemical and magnetic contrast provided by synchrotron X-rays
has the potential to allow a unique characterization of advanced functional
materials. While the scanning probe provides the high spatial resolution,
synchrotron X-rays that produce photo-excitations of core electrons add
chemical and magnetic contrast. However, in order to realize the method's
full potential it is essential to maintain tunneling conditions, even while high
brilliance X-rays irradiate the sample surface. Different from conventional
scanning tunneling microscopy, X-rays can cause a transition of the tip out
of the tunneling regime. Monitoring the reaction of the z-piezo (the element
that controls the tip to sample separation) alone is not sufficient, because a
continuous tip current is obtained. As a solution, an unambiguous and direct
way of fingerprinting such near to far field transitions of the tip that relies on
the simultaneous analysis of the X-ray-induced tip and sample current is pre-
sented. This result is of considerable importance because it opens the path to
the ultimate resolution in X-ray enhanced scanning tunneling microscopy.

Scanning tunneling microscopy (STM)
has become an indispensable tool for the
understanding of structural and electronic
properties of nanoscale systems down
to the atomic scale The high spatial
resolution of STM is made possible by
the exponential dependence of the tun-
neling current from the tip/sample sepa-
ration. However, despite its indisputable
success STM lacks the capability of direct
chemical or elemental contrast. Only in
very specific cases do various effects lead
to indirect chemical contrast.>™ The lack
of direct chemical contrast is due to the
fact that tunneling electrons originate only
from states close to Fermi energy. Unfortu-
nately, these states do not carry any direct
elemental specificity. In contrast, core elec-
trons maintain their chemical fingerprint
even in bulk materials, but their probability
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1. Introduction

The ability to directly obtain electronic, chemical, and magnetic
information of materials at the nanoscale is of tremendous
importance for the progress in nanoscience and nanotechnology.
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for tunneling is negligible. Thus, the excita-

tion of core electrons to unoccupied levels
close to the Fermi energy that contribute to the tunnel current
would open a path to high-resolution microscopy with chemical
contrast. Synchrotron X-ray scanning tunneling microscopy
(SXSTM) has the potential to meet this goal (Figure 1).1° This
technique combines the high spatial resolution of STM with the
electronic, chemical, and magnetic sensitivity of synchrotron
X-rays. While the tip is rastering across the surface, absorption
of photons by the sample can excite electrons to unoccupied
levels close to the Fermi energy. At the same time photoelectrons
are ejected from the sample.’! The conducting tip that is tun-
neling over a sample surface can locally measure these excited
electrons. Additionally, magnetic contrast can be obtained due
to the dependence of photoabsorption by a magnetic material on
the helicity of the X-rays.[®”! In recent years, the high prospects
of combining scanning tunneling microscopy and other scan-
ning probe variants with synchrotron radiation has generated
multifaceted promising research.'“3l Chemical contrast with a
spatial resolution of about 10 nm has already been reported.'®!7]
It is expected that the spatial resolution can be further enhanced
by means of special insulator coated tips with a minimized con-
ducting apex, which avoid the exposure of the sidewall of the
tip to photoejected electrons.!'®2% However, to achieve ultimate
resolution it will be critical to maintain stable tunneling condi-
tions during X-ray excitation.
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Figure 1. a) Schematic representation of SXSTM. An insertion device at
the synchrotron storage ring serves as X-ray source for the experiment.
The photon energy can be selected by a monochromator. Rotational
(6) and translational (x, y, z) degrees of freedom are available at both
the sample and the tip. A damping stage provides vibration isolation
of the microscope. Tip and sample current are recorded simultaneously.
b) The SXSTM system at the synchrotron beamline 4-1D-C of the Advanced
Photon Source, Argonne National Laboratory.

In this paper, we used a specially fabricated STM tip to
directly determine the tip transitions from tunneling (near
field) into the far field. This important observation should be
used to revisit past research in the field, because a transitions
might not always be obvious in SXSTM images due to the con-
tinuous nature of the detected current. Controlling the near to
far field transition will open the path to high-resolution charac-
terization of advanced materials, in which chemical variations
at the nanoscale determine properties of functional materials.
Additionally, our results allow separating the actual amounts of
X-ray induced tunneling and photoejected currents when the
tip is tunneling over the sample surface.

2. Results and Discussion

In SXSTM, a synchrotron X-ray beam illuminates the sample
surface at an area of typically tens of microns. Thus, for locally
resolved measurements of X-ray induced currents at the tip-
sample junction, the number of photoelectrons arriving at the
sidewall of the tip needs to be reduced. One way to achieve
this is by covering most of the tip with an insulating layer,
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which prevents detection of photocurrent at the sidewall of the
tip. For this we used micro-fabricated SXSTM tips. Figure 2
shows a scanning electron micrograph of a Ptlr tip, which is
entirely coated by a 500-nm-thick insulating SiO, film except
at the apex. The coated tip with sub-micron conducting apex
was prepared by means of electron beam physical vapor dep-
osition, focused ion beam milling, and subsequent ion beam
stimulated oxide growth.?”! The coating confines the detection
of photoejected electrons to a small area at the tip apex. Like in
any conventional STM measurement, the detection of a tunnel
current is also restricted to the tip apex.

The near field tip current Igxsmy'® in SXSTM is caused
by two components: tunneling and photoejected electrons.
When a sample is illuminated with X-rays, the conventional
tunnel current In®™ experiences a modulation due to an
absorption-induced tunnel current Iieqs ™, and contribu-
tions caused by photocurrents.[®l Electrons that are photoejected
from the sample and are detected at the tip cause a current
Ipasssample, while the remaining electrons that escape without
detection carry a current [, *™Pl® away. At the same time cur-
rents Ipasstip and [, P are generated at the tip, which describe
electrons that leave the tip and reach the sample, or electrons
that escape into the continuum without detection at the sample,
respectively. Generally, the number of electrons that are excited
to unoccupied levels close to Fermi energy Eg as well as photo-
ejected electrons exhibits a sharp jump when the photon
energy reaches one of the inner-shell ionization energies. This
accounts for the chemical sensitivity in the tunneling as well
as in the photoejected channel. In case of a positively biased
sample the resulting signal at the tip is

Figure 2. Scanning electron micrograph of the SiO,-coated Ptlr tip. The
Ptlr tip is only exposed over a length smaller than 0.5 um.
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In this convention, currents that arrive at the tip or sample > 3.0 4
are counted as negative, while currents that leave the tip LL 20- +2V_
or sample have a positive sign. The contribution Ioyjeqd™ ™ - : +3V
denotes the reduction of tunnel current caused by the excita- 1.0 +gx_
. -

tion of electrons into unoccupied sample states close to the Eg.
For a negatively biased sample this contribution is an actual
X-ray excited current that increases the conventional tunnel
current. After electrons are ejected from either the sample or
the tip they are accelerated in the electric field generated by the
bias voltage between tip and sample. If the sample is positively
biased photoelectrons are more likely to be recollected by the
sample, because the negative potential of the tip repels those
photoelectrons. The situation is reversed when the sample is
negatively biased. Thus, the polarity and the size of the bias
voltage allow an effective control over the photoelectron collec-
tion at the tip.

2.1. Spectroscopy with the Tip in the Far Field

In a first step, we have evaluated photo-excitations in a Cu(111)
single crystal with the tip in the far field (=180 nm tip/sample
separation) where quantum mechanical tunneling does not
take place. Thus, in this regime, the SXSTM tip is used just as a
detector for the photoelectrons that are ejected from the sample
surface and produce a photocurrent. During the measurement,
the X-ray energy is ramped from 925 to 965 eV, a range that
covers Cu L edge excitations. The SXSTM tip and the sample
simultaneously detect the corresponding photocurrent. The
data are recorded at different fixed sample voltages between
%5 V. Since this measurement set-up is not in the tunneling
regime, the sample voltage just helps in reducing or enhancing
the photocurrent depending on the bias polarity. Figure 3 pre-
sents sample and tip current spectra obtained for X-ray ener-
gies close to the Cu L absorption edges as a function of applied
bias between the grounded tip and the sample. The total elec-
tron yield (TEY) shown in Figure 3a was measured directly
from the sample via the sample current method. The measured
photocurrent range is in between 0.5 to 6.5 nA, and two pro-
nounced peaks are observed at 932.5 and 952.5 eV, which rep-
resent the L edge (2ps), to 3d transition) and L, edge (2p;), to
3d transition), respectively. The main peaks are accompanied by
a series of smaller peaks at 936.4, 940.1, 956.3, and 960.5 eV,
which indicate the presence of copper oxide.’l All peaks are
superimposed on a monotonically increasing background cur-
rent generated by the continuum of photoejected electrons. The
intensity of the Cu L peaks increases for more negative biases
due to the larger electric field that repels ejected electrons from
the sample surface.

The photocurrent arriving at the tip is also simultaneously
recorded. Figure 3b shows the corresponding tip current
spectra measured in the far field. Electrons that arrive at the
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Figure 3. Spectroscopy with the tip located in the far field for biases
from —5 to 5 V. a) The total electron yield (TEY) of the Cu(111) sample
increases for more negative sample bias. b) The tip current exhibits nega-
tive peaks caused by the Cu L absorption edges.

tip give rise to a negative current.??l Thus, negative peaks are
observed in the tip current when the X-ray energy approaches
the Cu L absorption edges. The detected tip current range is
in between +0.01 to —0.34 nA, which is about 20 times smaller
than the sample current at this tip-sample distance of 180 nm.
Like in the case of the sample current, both the absolute value
of the intensity of the Cu L peaks as well as the off-resonant
tip current increase with more negative bias. Interestingly, for
a bias of +3 V and above the tip current is positive for at least a
portion of the spectrum. The change of the sign in the tip cur-
rent can be explained when the total sum of ejected electrons is
considered. The X-ray beam always simultaneously illuminates
the sample surface and the tip thereby causing electron ejection
from both. In the case of a positive tip current more electrons
are ejected from the tip than arrive from the sample. On the
other hand, a negative tip current can be observed when the
number of electrons arriving from the sample is larger than
the number of electrons leaving the tip.

The dependence of the tip current as a function of TEY is
presented in Figure 4. In the far field, plotting the tip current
as a function of TEY results in straight lines with characteristic
slopes that are bias dependent. Negative slopes are observed for
bias voltages between —5 and +4 V, but they turn to a positive
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Figure 4. In the far field the tip current is directly proportional to the TEY
with a slope that is characteristic for the applied bias. The straight lines
are linear fits of the data points for each sample bias.

slope for a bias greater than 4 V. Generally, most ejected elec-
trons are generated by secondary excitations and therefore have
relatively low energy. Thus, these photoelectrons can be easily
controlled by a small external field, which explains the strong
bias dependence observed here. At 5V, ejected electrons from
the sample are effectively repelled from the tip.

2.2. Spectroscopy with the Tip Stabilized Under Tunneling
Conditions

Next, we investigate the influence of synchrotron X-rays on the
tip current in the near field. The tip is first stabilized in the tun-
neling regime without the X-ray beam at a current set point of
0.05 nA. At this point, the tip-sample distance should be about
1 nm or less. Then the X-ray shutter is opened and the X-ray
energy is ramped from 925 to 947 eV, which covers the Cu L;
adsorption edge. The corresponding tip and sample currents
are recorded with the sample bias between £3 V, which is the
most relevant bias range utilized in conventional STM studies.
Figure 5a presents the measured TEY after the tip was stabi-
lized in the near field. The TEY varies between 0.5 to 6 nA. This
measured current range is similar to the previous far field case
between *3 V (Figure 3a). Here, a peak at the Cu L; edge can
be observed at 932.5 eV, and the intensity of this peak increases
for more negative biases. While the spectra for -3 and -2 V
are very smooth like far field spectra (c.f., Figure 3a), the other
spectra appear to be noisy for photon energies in the pre-edge
region (925-931 eV). Additionally, the spectra for 1 to 3 V are
also noisy in the post-edge region (936-947 eV). As can be
seen in the following, a smooth TEY is correlated with far field
behavior, while the noisy characteristic is a consequence of elec-
tron tunneling.

The corresponding tip current is presented Figure 5b. For
negative bias voltages of —3 and —2 V the tip current spectra
are similar to the data obtained in the far field (see Figure 3b),
with the current ranging from about —0.05 nA to —0.25 nA for
minimum to maximum, respectively. The recorded current
range is the same as in the far field regime measured previ-
ously, where the tip sample distance is about 180 nm. This indi-
cates that for these negative biases the tip spontaneously leaves
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Figure 5. Spectroscopy after the tip was brought into tunneling over the
sample surface, i.e., near field. The tip was stabilized at £0.05 nA before
the X-ray shutter was opened. a) Current measured at the sample (TEY)
as a function of X-ray energy for biases between —3 and 3 V. (b) The cor-
responding tip current shows negative peaks at the Cu L; absorption
edge. c) Reaction of the z-piezo relative to the stable tunneling condition
without beam shown for selected bias voltages of -3, 1, and 2 V. The
inset shows the Cu(111) surface with the location that was used for the
spectroscopy (red square).

the tunneling regime during the energy ramp to move into the
far field, because the current produced by the arriving electrons
at the tip is larger than the setpoint value. However, between
—1 V and +1 V the tip current spectra exhibit the noisy charac-
teristic in the pre-edge region that has likewise been observed in
the TEY spectra. Electron tunneling inherently causes the noisy
characteristic, because of the strong exponential dependence of
the tunneling current from the tip-sample separation. Around
the Cu L; edge the spectra then transform into a smooth
curves, which is caused by the transition of the tip into the
far field (see Figure 3Db). In the case of +1 V the spectrum
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returns to a noisy characteristic for photon energies larger than
936 eV, i.e., the tip moves back into tunneling. The spectra
measured at the positive biases of 2 and 3 V are significantly dif-
ferent. They show a noisy characteristic throughout the whole
energy range. The tip remains in tunneling conditions during
the whole energy ramp. Generally, in all scans the noisy and
smooth regimes in the tip current and TEY spectra are directly
correlated. These measurements provide important informa-
tion: 1) although the tip was initially stabilized in the near field,
i.e., tunneling, X-ray induced current can force the STM feed-
back to adjust the z-piezo in a way that the tip moves into the
far field in order to maintain the current setpoint. 2) The tip
current is continuous when the tip moves out of the tunneling
regime, which makes the observation of such transitions dif-
ficult in conventional imaging. 3) The tip maintains tunneling
conditions during the full energy scan for positive voltages of
2 V and above. Thus, at these bias voltages, the chemical con-
trast of the sample is achievable even during tunneling.

In order to understand the observed transitions in the
spectra we investigate the reaction of the z-piezo as a func-
tion of X-ray energy. In Figure 5c, we present the response of
the z-piezo for applied biases of -3, +1, and +2 V, respectively.
The height of the z-piezo is shown relative to the stable tun-
neling condition without the X-ray beam. In the case of +2 V
bias, the z-piezo does not exhibit a response to the X-ray illu-
mination of the sample. In contrast, at +1 V the tip retracts
by about 0.7 nm when the X-ray energy approaches the Cu L
edge. This response is directly correlated to the transition from
positive to negative current (see Figure 5b). The reaction of
the z-piezo is even more pronounced at —3 V. Here, the tip
retracts immediately after the X-rays start to illuminate the
sample surface even before the Cu L; energy is reached. This
z-piezo response results in a negative tip current spectrum like
in the far field regime.

The display of the tip current as a function of TEY in
Figure 6 demonstrates that the z-piezo response and the tip
current spectra are directly related to transitions of the tip from
the near field (tunneling) into the far field (no tunneling), and
under certain conditions even back to the near field. In the case
of a bias of =3 V all data points lie on a straight line with a slope
that coincides with the one observed for the tip in the far field
(see Figure 4). This indicates that the tip immediately moves
into the far field as soon as X-rays illuminate the sample in
negative biases. Generally, the tip current in SXSTM consists of
two components: tunneling current and the current produced
by photoejected electrons. If the sum of these currents exceeds
the current setpoint for standard tunneling, the z-piezo will
react in order to maintain the predetermined setpoint. How-
ever, considerably different from conventional STM the collapse
of electron tunneling will not yield zero tip current. In SXSTM
we rather measure a continuous tip current even during transi-
tions between near and far field. Most likely this explains the
poor image quality of several SXSTM images presented in the
literature. Transitions can also be reversible. At a bias of 1V,
the tip experiences a transition from tunneling into the far field
and back into tunneling (arrows in Figure 6). Stable tunneling
conditions are preserved for bias voltages of 2 V and above. In
this case, the data points do not approach the corresponding
far field slope (dashed line in Figure 6). Thus, the observation
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Figure 6. Tip current as a function of TEY. For a bias of =3 V all data
points lie on the linear slope, which is characteristic for the tip in the far
field. A transition to and from a linear slope is observable for 1V (inset).
At a bias of 2 V the data points never approach the expected linear slope
(dashed line).

of the tip current as a function of TEY provides a direct finger-
printing of near to far field transitions in SXSTM.

2.3. Quantification of X-Ray-Induced Currents During Tunneling

Measurements in the far field allow studying the photoejected
electrons. In the far field the terms in Equation 1 that are asso-
ciated with tunneling vanish, and a tip current

tip __ ftip tip _ rsample
ISXSTM - Ipass + Iloss Ipass (3)

is obtained.

However, in the near field both tunneling and photoejection
will simultaneously contribute to the current. Therefore, it is
difficult to determine the individual current contributions in
Equation 1 as long as the tip stays in tunneling conditions. Nev-
ertheless, we will show that the different contributions to the
tip current in the near field can be entangled using the meas-
ured spectra for the bias voltage of 2 V. For this bias, the tip
maintains tunneling conditions during the whole energy scan.
At the Cu L3 edge, the tip current in the near field Igxgry™P
amounts to —12.9 pA (Figure 5b). For the same bias Isygpy'™® =
—30.3 pA is measured in the far field (Figure 3b).

It is possible to extrapolate the measured current values at
180 nm separations into the tunneling regime. Figure 7 shows
a measurement of the tip current as a function of z-piezo posi-
tions. Here, the tip was first stabilized at a current setpoint
of —0.375 nA, a bias voltage of =2 V, and a photon energy of
932.5 eV. Subsequently, the vertical tip position was ramped

Adv. Funct. Mater. 2013, 23, 2646-2652



'a\
M“‘“\)iié

www.MaterialsViews.com

< -02{" ]
=
z far field
g Il (1.3nm)| = 0.967 * |/; (180nm)|
3 -0.31 .
(@]
Q. =S
= near field

-0.4 ., T T T T : T

0 1 30 60 90 120 150 180

z piezo (nm)

Figure 7. Tip current as a function of tip/sample separation. The tip was
stabilized at —0.375 nA, =2 V, 932.5 eV, and then ramped away from the
surface while the tip current was recorded. The exponential behavior in
the near field (0-1.3 nm) is caused by the exponential dependence of the
tunneling current as a function of the tip/sample separation. After the tip
leaves the tunneling regime the current only slightly depends on the dis-
tance. This allows extrapolating the current contribution of photoejected
electrons into the near field.

away from the surface, while simultaneously the corresponding
tip current was recorded. The current exhibits an exponential
dependence in the near field (0 to about 1.3 nm). This is a con-
sequence of the exponential dependence of the tunnel current
with respect to the tip/sample distance. After the tip leaves the
near field the tip current remains almost constant up to the
measured separation of 180 nm. The small increase in the abso-
lute value of the tip current is caused by a geometrical effect.’!
More ejected electrons are able to reach the tip apex when it
is further away from the sample surface. About 96.7% of the
measured tip current at 180 nm is detected at 1.3 nm separa-
tion. The linear behavior allows extrapolating the measured far
field currents into the tunneling regime. Hence, in the case
of the bias voltage of 2 V, a photoejected current L™ +1js™
—Ipasssa‘mple of —29.3 pA is present in the tunneling regime. The
conventional tunnel current I,q>™ amounts to 50 pA, which
is the initial current setpoint that was used to stabilize the tip.
This term is constant throughout the scan because the height
of the tip does not change (c.f., Figure 5c). Using Equation 1,
we can calculate Iy = 33.6 pA, which is caused by X-ray
induced excitations of electrons to unoccupied levels close to Er
in the sample. These excited electrons will reduce the number
of available states for electrons that try to tunnel from the tip
into the sample. Hence, this leads to a virtual current with a
positive sign.

The photoejected current can be further analyzed. During
the initial alignment of the synchrotron beam the X-rays only
illuminate the apex of the tip. This allows measuring the photo-
ejection from the tip. Here, the sum IL;,i"? +Ij,"? amounts to
15 pA. After the alignment the sample is moved toward the tip,
which maintains the alignment of the tip apex in respect to
the stationary X-ray beam. Consequently, during tunneling the
ejected electrons from the sample that reach the tip, L™,
account for a current of 44.3 pA at the Cu L; edge. Generally,
the chemical contrast at the Cu L; is achieved by both chan-
nels, Icied™ ™ = 33.6 pA and I, P = 44.3 pA. This is an
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important result, because it proves that the tunneling channel
is of the same order than the photoejected channel. It is well
known that conventional STM can provide atomic resolution;
thus, a comparable resolution in SXSTM is foreseeable. The
ratio between tunneling and photoejection might be even fur-
ther improved in the future with advances in the fabrication of
insulator-coated smart tips with nanoscale exposed apex.?’!

3. Conclusions

We have utilized X-ray spectroscopy with the tip of an STM
to detect transitions between near field and far field condi-
tions caused by excitations mediated by synchrotron radiation.
A characteristic feature of the tip in the far field is a linear
dependence of the tip current as a function of the TEY. This
dependence allows direct observation of the transition between
near and far field. Thus, it is absolutely critical to simultane-
ously record both the tip and the sample current. Utilizing an
insulator-coated tip we have found stable tunneling conditions
on Cu(111) for a bias voltage of 2 or 3 V (0.05 nA setpoint). The
observation of near to far field transitions is of particular impor-
tance, because these might not be directly obvious in tip cur-
rent images because of the continuous nature of the detected
current—only the comparison to the sample current can reveal
that a near-to-far transition has occurred. Our measurements
also reveal that chemical contrast within the tunneling con-
dition is possible to achieve for a certain positive biases. At a
bias voltage of 2 V, the chemical contrast has about the same
magnitude in the tunneling and the photoejected channel.
Taking advantage of findings presented in this work SXSTM
has proven further to have the potential for providing ultra-high
spatial resolution with chemical, electronic, and magnetic con-
trast of complex materials.

4. Experimental Section

Synchrotron Beamline: The experiments were performed at the soft
X-ray beamline 4-ID-C of the Advanced Photon Source at Argonne
National Laboratory.?}l The X-ray source on this beamline is a unique
electromagnetic undulator capable of delivering both vertical and
horizontal linear as well as circular polarization over the spectral range
of 500 to 2800 eV. A spherical grating monochromator provides an
energy resolution (AE/E) of 2 x 107*. The focused X-ray beam with a
nominal size of about 100 x 100 um? exhibits at a photon flux of about
8 x 10'" photons/s.

Synchrotron X-Ray Scanning Tunneling Microscope: The STM is located
inside of a dedicated ultra-high vacuum endstation that allows both in
situ sample preparation and imaging. A spring suspension stage with
eddy current damping is utilized to minimize vibrational noise at the
microscope. The microscope mount assembly, designed with a two
free-flex pivot, provides an angular degree of freedom for the alignment
of the tip and sample with respect to the incoming X-ray beam. In this
experiment, the sample was irradiated at a grazing angle of about 5°.
The STM was operated in constant current mode with a loop gain of
3%. A detailed description of this SXSTM apparatus can be found
elsewhere 24l

Sample: A Cu(111) single crystal was cleaned in vacuum by several
cycles of Ar* ion sputtering at temperatures between 300 and 900 K
and subsequent annealing at 900 K using electron beam bombardment.
The sample was slightly oxidized by the residual oxygen in the vacuum
chamber.
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Smart Tip: A SiO,-coated Ptgolryg tip with sub-micron conducting
apex was prepared by means of electron beam physical vapor deposition
(EBPVD), focused ion beam milling and subsequent ion beam
stimulated oxide growth.?% Tips were electrochemically etched from
a Ptgglryg wire with a diameter of 250 um using a CaCl, solution. After
cleaning with alcohol and H,0, nominally 500 nm SiO, were deposited
by EBPVD. In order to assure uniform coating the tips were mounted
under an angle of about 17° with respect to the SiO, source and rotated
at 20 rpm during deposition. A deposition rate of 0.1 nm/s was used at a
base pressure of about 6 x 107 Torr. In order to remove oxide at the tip
apex, FIB was utilized with Ga* ions impinging at the apex under normal
incidence (30 kV, 50 pA). The exposed tip area was then minimized
by the localized growth of an insulating film. For that purpose, a
pentamethylcyclopentasiloxane precursor (Si(OC,Hs),) was applied in
situ through a nozzle in close proximity to the tip. The interactions of
the precursor with the Ga* ions caused the deposition of an insulating
film in areas where the ions were hitting the tip. After multiple iterations,
which include rotation of the tip along the tip axis, an insulator coated
tip with a sub-micron exposed apex was obtained.
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