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In this work, atomic-resolution lithography with a Microelectromechanical-System (MEMS) based Scanning Tunneling
Microscope (STM) is demonstrated for the first time. The microscope consists of a commercial Ultra-High-Vacuum
(UHV) STM whose regular tip is replaced with a 1-Degree-of-Freedom (1-DOF) MEMS nanopositioner. This results in
a hybrid STM system where XY-plane motions are provided by the piezotube of the original system, and Z-axis motion
by the MEMS with higher bandwidth. Sharp tips made of Pt or W are added to the MEMS devices post fabrication.
With this hybrid system, STM-based lithography is demonstrated on a H-passivated Si (100)-2×1 sample under UHV
condition. Results prove the capability of the hybrid STM system for atomic-scale lithography. This capability, paired
with the small footprint of the MEMS device, makes this approach a candidate for building a high-throughput parallel
STM lithography platform by incorporating an array of 1-DOF MEMS devices that perform lithography in parallel.

I. INTRODUCTION

Shortly after the invention of the Scanning Tunneling Mi-
croscope (STM) in 19821, researchers discovered that under
certain conditions of bias and tunnel current, it is possible to
trigger chemical reactions on the sample surface by STM2.
This discovery evolved into the STM-based lithography where
the STM tip acts as a source of an electron beam to expose a
monolayer resist3. In this process, the tunneling electrons pro-
vide the required energy to break the chemical bond between
the resist and surface atoms, leaving active sites on the surface
to subsequently react with other species.

Depending on the bias voltage, STM-based lithography can
be carried out in two modes. At 6-10V of bias, STM enters
the Field Emission (FE) mode with an electron-beam spot size
of about 5 nm. At this voltage range, the tunneling electrons
possess enough energy to directly break the bond between the
resist and surface atoms. On the other hand, running an STM
at a voltage of 4V or less keeps the STM in tunneling mode
with an electron-beam spot size of about 0.6 nm. In this mode,
known as Atomically Precise (AP) lithography mode, the tun-
neling electrons cumulatively increase the vibrational energy
of the resist atom until its bond with the surface breaks 4.
Therefore, the yield of AP mode lithography is much lower
than that of FE mode lithography 5. However, the patterns
made by STM in AP mode are of ultimate atomic resolution
and precision due to the dual effects of tunnel current falling
off exponentially with distance from the tip to surface and the
highly non-linear dependence of H depassivation with current
in the AP mode 4. This capability sets STM apart from other
lithography tools making it a superior alternative to Conven-
tional Electron-Beam lithography (CEBL) whose precision is
fundamentally limited to a few nanometers 4.

Despite this superiority, STM-based lithography has far
less throughput than CEBL 5. This downside is rooted in
its single-tip scheme and slow scan speed, primarily caused
by the bulkiness of its piezonanopositioner, which is usually

500 μm

FIG. 1. SEM image of the 1-DOF MEMS STM Z-axis nanoposi-
tioner.

a piezotube. In this regard, Microelectromechanical-System
(MEMS) nanopositioners appear to be a promising substitu-
tion for the piezotubes. Due to their smaller mass, they can of-
fer higher bandwidth, and their smaller footprint allows them
to be used in an array configuration to increase the throughput
of conventional STM 6.

For accurate operation, the Z-axis bandwidth of the STM
must be at least two, or preferably three orders of magnitude
faster than its scan speed. We have developed 1-Degree-of-
Freedom (1-DOF) MEMS nanopositioners to replace the Z
axis of STM piezotubes that can operate an order of magni-
tude faster than the piezotube’s Z-axis 7,8, therefore increasing
the throughput of STM scanning or lithography by a factor of
ten. The MEMS devices are designed to be mounted on the
piezotube of a commercial Ultra-High-Vacuum (UHV) STM
system to replace its regular tip. As a result, a hybrid STM
system is achieved in which the XY-plane motions are deliv-
ered by the original piezotube, while the Z motion is provided
by the MEMS device 9. Figure 1 shows a Scanning-Electron-
Microscope (SEM) image of a MEMS device used in the cur-

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/6.

00
01

82
6



Journal of Vacuum Science & Technology B 2

e) h)g)f)

3 μm

i) j) k)

150 nm

b)

5 μm

c) d)

15 μm

a)

Probe

W �p

5 μm 5 μm

15 μm 3 μm 3 μm

15 μm 15 μm

Pt rou�ng

Au rou�ng

Pt base

FIG. 2. Tip welding procedure: (a) the FIB probe is inserted, (b) the probe is moved close to the W tip, (c) Pt is deposited to join the probe
and W tip, (d) the W tip is cut, (e) the probe is inserted with the MEMS device, (f) the probe is moved close to the MEMS device, (g) Pt is
deposited to join the W tip, (h) the probe is etched, (i) the probe is removed, (j) the final assembled W tip, (k) the apex of the W tip.

rent work, which is based on the design presented in Ref. 7.
In this paper we demonstrate atomic-resolution STM-based

lithography with the proposed hybrid system. Two types of tip
material, Pt and W, are examined. Previously we discussed
how to grow a Pt tip at the end of the MEMS’ shuttle 7. In
Section II of the current manuscript we describe a procedure
to add the apex of a pre-fabricated W tip to the MEMS device.
The lithography experiments are then carried out based on the
procedure laid out in Section III, and results are presented in
Section IV for both tip types. Lastly, the article is concluded
and future work is outlined in Section V.

II. TIP WELDING

Both Pt and W tips are used for atomic-resolution lithogra-
phy. The Pt tips were simply made by depositing successively
smaller rings of Pt on the MEMS device with a Focused-Ion-
Beam (FIB) tool until a fine point was reached 7. This Pt tip
is then sharpened with the Field-Directed-Sputter-Sharpening
(FDSS) process 10 and is ready to use. The remainder of this
section will focus on an alternative post-fabrication technique,
called tip welding, to place a W tip on the MEMS device.

To equip the MEMS device with a W tip, a traditional W
STM tip was mounted vertically on a sample holder in the
FIB, as shown by the SEM image in Fig. 2 a. After exercising
eucentric height and setting the parameters for both electron
and ion beams of the FIB, a probe is inserted until it is barely
touching the W tip apex (Fig. 2 b). Induced by the ion beam,
about 0.5 µm of Pt is deposited to join the W tip and the probe
(Fig. 2 c).

The ion beam is then used to cut the W tip just above where
the Pt was deposited on the probe (Fig. 2 d). The probe with
the W tip apex on it is then slowly retracted from the remain-
der of the W tip that is on the sample holder. To affix the W
tip apex to the MEMS device, the remainder of the W tip is
replaced by the MEMS device in the FIB chamber (Fig. 2 e).
If necessary, the base of the MEMS device where the W tip
apex is to be affixed is etched with the ion beam so the base
is smooth, or Pt is deposited if a taller base is needed. In ad-
dition, to ensure a full metal connection between the Pt base
and Au routing used for the tunneling current signal, a 300-
nm-thick Pt routing is deposited to join the two.

The probe is then re-inserted and brought approximately
5 µm from the MEMS base (Fig. 2 f). Using the lowest speed,
the W tip is brought into contact with the MEMS base. Pt is
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FIG. 3. STM-based lithography procedure: (a) the sample surface is first imaged, and (b) the lattice of the sample is detected and mapped.
Afterwards (c), the trajectory along which the tip needs to move is defined with respect to the lattice.

then deposited to join the MEMS device and the W tip apex
(Fig. 2 g). To remove the W tip from the probe, the probe
is etched (Fig. 2 h). After fully separating the probe and the
W tip, the probe is slowly retracted from the FIB chamber
(Fig. 2 i) and more Pt is deposited around the W tip to rein-
force the junction. Figures 2 j and k show the SEM images of
the W tip assembled into the MEMS device. Similar to the
previous Pt tips, the resulting tip is sharpened using the FDSS
process.

The considerations mentioned in this section make the de-
scribed tip welding technique highly repeatable. For instance,
the thick Pt deposition joining the tip apex and probe prevents
tip loss when transferring it to the MEMS device. However, it
should be mentioned that even under skilled oversight, it can
take up to three hours to equip each MEMS device with a W
tip.

III. EXPERIMENT PROCEDURE

The proposed hybrid system is a Scienta Omicron UHV
variable-temperature STM system in which the MEMS de-
vice replaces the piezotube’s Z axis and the tip. Steps taken
to integrate the MEMS device into the UHV system, and suc-
cessful STM imaging of a H-passivated Si(100)-2×1 sample
are described in our previous work 9, where we demonstrated
imaging performance on a par with the original system. The
sample consists of a single layer of H atoms adsorbed onto the
Si surface to serve as a monolayer resist. In the current work,
we utilize the hybrid system to pattern the resist layer by H
depassivation.

In order to have better controllability over desorption of the
H atoms along the sample’s dimer rows, drift in the piezotube
along the XY-plane is first identified and corrected by succes-
sive scanning of the surface with the hybrid system. After this
correction, the surface is again scanned to obtain an STM im-
age of the surface, which is shown in Fig. 3 a. Based on the

TABLE I. STM Parameters during lithography.

Experiment Bias Setpoint Dosage Writing speed
(V ) (nA) (mC/cm) (nm/s)

MEMS with Pt tip
Figure 4 a 4 4 3 13.3
Figures 4 b and c 3.75 3 3 10

MEMS with W tip
Figures 4 d and e 4 3 3 10
Figure 4 f 4 2 3 6.6

STM scan, the lattice of the sample is detected and mapped
onto the image (Fig. 3 b). Afterwards, the tip is moved along
a predefined trajectory in the XY plane with respect to the
lattice (solid line in Fig. 3 c), while the tunneling parameters
are set to those required for STM-based lithography and the
Z axis is kept in closed loop. Due to energy provided by the
tunneling electrons, the H atoms along the trajectory will be
desorbed, leaving a line of dangling bonds of Si atoms along
the trajectory.

IV. RESULTS

Based on the lithography procedure laid out in the previous
section, single-loop spiral patterns are made in the H layer
of the sample. For the sake of comparison, the lithography
parameters are chosen to be similar to those commonly used
in conventional STMs to produce single-dimer-row resolution
patterns in AP mode. For a bias of 4V and a setpoint of 2 nA,
writing speeds ranging from 2 nm/s to 20 nm/s have been re-
ported in the literature11. The parameters used in our experi-
ments are reported in Table I

In the first set of lithography patterns presented in Figs. 4 a-
c, a MEMS device with a Pt tip is employed in the hybrid
system. As evident from the results, the proposed system was
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FIG. 4. Patterns made in the resist layer of the sample with the hybrid STM system incorporating a MEMS device with a (a)-(c) Pt tip and
(d)-(f) W tip. The bias and current setpoint used for the STM images of (a)-(c) range from -1.25V to -1.5V and from 0.1 nA to 0.2 nA,
respectively. Images of (d)-(f) are obtained under bias of -1V and current setpoint ranging from 0.8 nA to 1 nA. Tip speed during all the scans
was 312.5 nm/s.

able to produce lithography patterns with atomic-resolution.
Regarding resolution, the pattern in Fig. 4 a is of two- to three-
wide dimer-row resolution. By lowering the bias and setpoint
during the lithography, finer patterns could be achieved, even
down to single-dimer-row resolution as in Fig. 4 b. In terms of
writing speed, which corresponds to the lithography through-
put, speeds of 10 nm/s and 13.3 nm/s are demonstrated with
our hybrid system. These writing speeds are within the range
expected from previous attempts with conventional STMs to
achieve single-dimer-row patterns 11.

In the second set of experiments, the MEMS device is
equipped with a W tip. Figures 4 d-f present three lithogra-
phy patterns obtained with this MEMS device. The patterns
of Figs. 4 d and e are of a slightly lower resolution than those
obtained with a Pt tip, which is due to the double-tip situation
for this particular W tip, indicating the importance of tip shape
in lithography.

V. CONCLUSION

The throughput of conventional STM-based lithography is
inherently limited. Motivated by addressing this issue, we
designed and fabricated a 1-DOF MEMS nanopositioner to
replace the Z-axis of STM piezotube used in conventional
STMs. After integrating the MEMS nanopositioners with Pt
and W tips into a commercial UHV STM, we demonstrated
atomic-resolution lithography with our proposed hybrid STM
on a par with conventional STMs.

The high bandwidth and small footprint of this MEMS de-
vice makes it possible to use an array of such MEMS devices
in parallel to drastically increase the throughput of conven-
tional STM lithography, which is a goal of our future work.
To achieve this, we will develop a custom-made 2-DOF piezo-
nanopositioner for XY-motions and integrate it into a UHV
system. This will allow the scanner head, unlike the commer-
cial UHV STM system, to have a sufficient number of signal
pins for a 1-DOF array of MEMS STM nanopositioners.
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IX. FIGURE CAPTIONS

1. SEM image of the 1-DOF MEMS STM Z-axis nanopo-
sitioner.

2. Tip welding procedure: (a) the FIB probe is inserted, (b)
the probe is moved close to the W tip, (c) Pt is deposited
to join the probe and W tip, (d) the W tip is cut, (e) the
probe is inserted with the MEMS device, (f) the probe
is moved close to the MEMS device, (g) Pt is deposited
to join the W tip, (h) the probe is etched, (i) the probe is
removed, (j) the final assembled W tip, (k) the apex of
the W tip.

3. STM-based lithography procedure: (a) the sample sur-
face is first imaged, and (b) the lattice of the sample
is detected and mapped. Afterwards (c), the trajectory
along which the tip needs to move is defined with re-
spect to the lattice.

4. Patterns made in the resist layer of the sample with the
hybrid STM system incorporating a MEMS device with
a (a)-(c) Pt tip and (d)-(f) W tip. The bias and current
setpoint used for the STM images of (a)-(c) range from -
1.25V to -1.5V and from 0.1 nA to 0.2 nA, respectively.
Images of (d)-(f) are obtained under bias of -1V and
current setpoint ranging from 0.8 nA to 1 nA. Tip speed
during all the scans was 312.5 nm/s.
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