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Abstract

This paper presents a preliminary exploration of high-speed contact mode performed with a polyimide probe. The probe is batch
micromachined by a lithographic manufacturing process. It offers a spring constant of <0.1 N/m, a resonance frequency of about
50kHz, and a tip diameter of 50-100 nm. The probe is particularly suitable for scanning soft specimens such as biological and polymeric
samples. Topographical contact mode imaging at high scanning rates of 48 Hz (1.47 mm/s) has been demonstrated, detecting features
<100nm over a 15 pm scan, yielding > 7 bit resolution at 48 Hz. Scanning rates of 16 Hz (0.5 mm/s) have been demonstrated for lateral
force imaging with spatial resolution of 100 nm over a 15 pm scan, which translates into > 7 bit resolution at 16 Hz. These results suggest

that the probe can be used in high throughput applications.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Scanning probe methods developed within the last two
decades offer high-resolution images of sample properties.
First introduced by Binnig et al. [1] in 1986, scanning probe
microscopes (SPM) measure properties such as topogra-
phical variations, thermal conductance, temperature, ca-
pacitance, optical absorption, frictional forces, or magnetic
field, at localized spots. The SPM has been a very
successful research tool. However, till recently it offered
limited throughput. Scan speeds of current tapping mode
AFMs are limited to about 180-250 um/s due to actuation
time constant of the piezo-electrically actuated feedback
loop [2,3]. A typical value for contact mode imaging is
about 75 pm/s [4].

A number of approaches have been reported for faster
image acquisition: (a) Scanning at constant height with no
feedback: This method creates variations of the imaging
force. However, unintended contact between the tip and
the sample can be damaging to both [5]. (b) Using high

*Corresponding author. Tel.: + 734763 6032.
E-mail address: agaitas@umich.edu (A. Gaitas).

0304-3991/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.ultramic.2005.12.021

frequency piezo segments for out-of-plane movement of the
probe along the z-axis [6-9]. While this method is effective,
it limits the dynamic range that can be accommodated in
the topographical variation [5]. (c) Integrating actuators on
the probe to reduce the mass that has to be moved: Several
groups have worked on cantilevers and cantilever arrays
with integrated piezo-actuators allowing direct force
control through the cantilever and imaging in parallel
[10-17]. At first, electrical crosstalk between the actuator
and piezoresistor signals at high-frequency operation was
observed. This was partially addressed using a lock in
amplifier and an AC bridge circuit for each cantilever [14].
However, this creates significant challenges when scaling
up to multi-probe systems. In addition, while ZnO
actuators have been capable of producing results at
4mm/s [2,14], they have a high-leakage current [2], and
their maximum deflection is relatively low, at about 3 um at
several tens of applied voltage [2]. Furthermore, with
commercially available piezoresistive cantilevers, a user
generally gives up an order of magnitude of force
resolution [18].

Cantilevers for frictional force measurements typically
use Si,N, or Si as structural materials. However, they do
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not necessarily offer the best compromise in material
properties, and can necessitate the use of demanding
fabrication steps or complex structures [19,20]. Sensitivity
to frictional forces depends on the ratio of Young’s
modulus to the shear modulus. Comparing the ratios
suggests that polyimide is more appropriate than either Si
or Si,Ny for cantilevers used in lateral force measurements.
Further, the lower Young’s modulus of polyimide allows
for improved imaging of soft samples.

We have previously reported scanning thermal probes
fabricated by 6- to 7-mask surface micromachining
processes using polyimide as the shank material, and the
application of these probes for temperature mapping, sub-
surface imaging, and the measurement of glass-transition
temperature in photoresists [21-24]. The probes have also
been used for maskless, submicron thermochemical pat-
terning of photoresist [25], hot-spot detection [26], and
microfluidics related work, namely for high-speed liquid
pumping, mixing and particle entrapment in thin layers of
oil and water [27,28]. The probes can be arrayed into an
multi-probe system for higher throughput large area
scanning [29].

This paper presents an initial exploration of high-speed
contact mode topography and lateral force scans per-
formed with ultracompliant polyimide probes (Fig. 1). In
the following text, Section 2 provides a brief analysis of
polyimide as a structural material, and Section 3 describes
the fabrication of the probes and experimental results
obtained.

Integrated Flipped-over Probe
attachment probe shank tip
N
N
Mirror

(on the back)

@) Substrate

Signal leads

Probe tip

Y
Flipped-over probe shank

(b) 250 um

Fig. 1. (a) Schematic drawing of the probe die including the probe
cantilever and tip [24]. (b) Optical micrograph of a flipped-over probe
shank.

2. Theory

In this section, polyimide is examined as a structural
material for cantilevers used in lateral force measurements.
Atomic force microscopes are capable of measuring,
simultaneously and separately, lateral and normal forces
on a cantilever [30]. The topographical image is derived by
observing the normal forces and the lateral image by
observing the torsional movements of the cantilever, i.e. the
twisting of the cantilever (Fig. 2). In lateral force
microscopy (LFM) a four-segment photo-diode is used to
measure both normal and torsional bending of the
cantilever.

As noted in Section 1, the sensitivity to lateral forces
depends on material properties, namely the shear modulus
and Young’s modulus, as well as the dimensions of the
cantilever. The shear modulus of SiyN, is 119 GPa and of
Si is 80 GPa while polyimide has a shear modulus of
1-10 GPa. The Young’s modulus of the polyimide used in
this work is 7.5 GPa compared to 180-300 GPa for Si\N,,
and 130 GPa for Si.

The torsional stiffness of a cantilever beam of rectan-
gular cross-section (without accounting for the tip height)
is given by the following equation [31]:

GW?r [16 t t*
K== [?—3.36W (1——12W4>}, (1

where G is the shear modulus and W, L and ¢ are the width,
the length and the thickness of the cantilever, respectively.
Assuming W > ¢, this equation can be simplified to

GW?H
K, = . 2
‘ 3L (2

In order to examine the torsional stiffness of the entire
probe (cantilever bean and probe tip) another equation has
to be used for the torsional spring constant Kt ,, which
includes the effect of scanning tip of height 4 [19,32]:
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3L
The typical torsional stiffness of commercial lateral force

cantilevers is 50200 N/m [33]. Using the above equations,
Table 1 compares various commercial probes, some of
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Fig. 2. xyz coordinates and bending modes of the probe cantilever.
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Table 1

Comparison of various commercial probes including probes designed for LEM. It can be seen the torsional stiffness of the polyimide probe is considerably

lower

Shear
modulus
(GPa)

Width
(um)

Length

(um) (m)

Thickness

Tip height
(um)

Normal bending  Lateral bending Torsional  Torsional
constant Kg (N/m) constant Ky g stiffness Ky stiffness
(N/m) (n"Nm/rad) Kr;, (N/m)

Polyimide probe 1-10 250 50 3
Silicon nitride (SizNy) [34] 119 100 40 0.8
Silicon (Si) [35] 80 450 30 2
Silicon nitride (SizN,) [36] 119 100 40 0.5

7.5 0.082 45 1.8 32
2.9 0.39 2304 8.12 965
17.5 0.1 19.3 14.22 46
35 0.26 1440 1.98 162

which are specially designed for LFM imaging. It can be
seen that the torsional stiffness of the polyimide probe is
considerably lower. This is true despite the fact that in its
current manifestation the polyimide probe has larger
thickness than the commercially available probes. Fig. 3
shows the torsional stiffness obtained using Eq. 3 as a
function of length and width of the polyimide probe and of
a SiyN, probe. The values of two other commercially
available probes are included in the graph. The actual value
for the polyimide probe was calculated to be 32 N/m, which
is lower than other options.

Additional parameters of relevance include the lateral
bending spring constant Kj g that describes the bending of
the cantilever in the x-direction (as defined in Fig. 2) and
normal bending spring contact Ky that describes the
bending of the cantilever in the y-direction. These two
bending constants are given by the following equations
[32]:

F, EW’t

Kpg=-t=""27"
LB = Ax 413

) (4)

F EW#
NTAZT 4 ©)
where F and Fy are the applied forces, Az and Ax are the
tip deflections, E is the Young’s modulus, W is the width, L
is the length, and ¢ is the thickness.

The ratios of the torsional stiffness (including probe tip
height) Kt to the normal force spring constant Ky and to
the lateral bending K;p are an indicator of sensitivity to
frictional forces. Smaller ratios are preferred. These
equations show a linear dependence on the shear modulus
and an inversely proportional relationship to the Young’s
modulus, and also show that shorter, thinner, wider
cantilevers with longer tips are favorable [32]:

Kt  4GLP

= 6
Kig  3EWw? ©
Kr;, 4GL? )
Kn o 3ER

For this specific case, when applying the above formulas,
the polyimide probe has the lowest ratio of torsional
compliance over normal compliance (Table 2). In the
general case, if dimensions are equal, the sensitivity ratios
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Fig. 3. Behavior of torsional stiffness of three different types of probes as
a function of length (a) and width (b). The actual value for the polyimide
probe is 32 N/m while for the probes marketed by Veeco and Nanoworld,
the values are 46 and 162 N/m, respectively.

Table 2
Sensitivity ratios of torsional compliance over lateral compliance, and of
torsional compliance over normal compliance

Ratio of Kt /KL Ratio of Kt /KN

Polyimide probe 0.7111 390
Silicon nitride (SizNy) [34] 0.4193 2477
Silicon nitride (SizNy) [36] 0.1124 623
Silicon (Si) [35] 24113 464

are a function of the shear modulus and the Young’s
modulus of the material. Comparing the ratios suggests
that polyimide is favorable for cantilevers used in frictional
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force measurements (Table 3). Further, polyimide has a
lower normal compliance, which is very advantageous for
scanning soft samples.

Table 3
Sensitivity ratios when dimensions are equal are a function of the ratio of
the shear modulus over the Young’s modulus of the material

Shear Young’s Ratio of G/
modulus G modulus £ E~Kr,/K
(GPa) (GPa)

Polyimide 1 7.5 0.13

Silicon nitride (SizNy4) 119 180 0.66

Silicon (Si) 80 130 0.62

3. Experimental results

The structure of the polyimide probe is illustrated in Fig.
1. The probe tip has a diameter of 100 nm, which can be
reduced about 50nm with oxide sharpening. It offers
topographical resolution of <1nm and a spring constant
of <0.1 N/m. The tip height is 8 um, and the cantilever is
250 pm long, 50 um wide, and 3 um thick. The resonance
frequency was measured at 50 kHz. The probes are batch
fabricated in a process described below. A flip-over
assembly step eliminates wafer dissolution. The cantilever
is made of two layers of polyimide that sandwich a thin
wire of Cr/Au (100 nm thick, 1 um wide), which also serves
as a sensing element. The tip is also made of Cr/Au.

7 Mask Sequence Suitable For IC Post Processing

* Mask 1: Tip notch, Tip Sharpen

SiO, tip sharpen  silicon nitride

Si substrate

» Mask 2: Sacrificial layer

sacr. material

notch for tip

* Mask 3: 1st Polyimide

lower polyimide =

» Masks 4: Metal
Reasistive materials\*

—

* Mask 5: 2nd Polyimide

upper polyimide\
» Mask 6: Au
Ell.l

i
—=

* Release and flip over
Au thermo-compression

’_\/

| bond

Fig. 4. Fabrication sequence requires 6 masks and is suitable for merging with a CMOS process. An optional mask is typically added after mask 4 when

fabricating embedded bolometers or thermocouples in the probe [22-24].

Rate 16 Hz
Speed 480 ymi/s
Area 15x15 pm?

Rate 23 Hz
Speed 690 pm/s
Area 15x15 pm?

Rate 4 Hz Rate 6 Hz Rate 12 Hz
Speed 56 pm/s Speed 180 um/s Speed 360 pm/s
Area Tx7 pm? Area 15x15 pm? Area 15x15 pm?

Speed 1440 pmis
Area 15x15 pm?

=

Fig. 5. Force (deflection) images are shown with increasing scanning rates. The sample was 20 nm thick Ti patterned on Pyrex™ glass. The scans were

obtained with a PicoMaps system from Molecular Imaging, Inc.
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Fig. 4 illustrates the seven masking step fabrication
sequence that is suitable for merging with a CMOS process.
First, a mold is created for the tip by anistropic wet etching
on a (100) Si substrate. The sacrificial layer is deposited
and patterned, followed by the lower polyimide. The
metals are then deposited and patterned. Later, the second
polyimide layer is deposited and patterned, followed by a
gold layer, which will be used for thermocompression

Rate 6 Hz - LA
Speed 180 ym/s
Area 15x15 pm

© 2w ow s m @ N @@

Rate 12 Hz o
Speed 360 um/s ol M
Area 15x15 ym

bonding and will also serve as a mirror. Finally, the probe
is released, flipped over and held in place by a thermo-
compression bond. The maximum fabrication temperature
encountered is 350 °C for curing the polyimide.

Several high-speed force images were obtained with the
polyimide probe. It has been demonstrated that it is
possible to detect features <100nm over a 15um line at
48 Hz (1444 um/s). Fig. 5 shows scans of force images

Rate16 Hz
Speed 480 um/s

Fig. 6. A number of lateral force scans were obtained. The sample was a 20 nm thick film Ti patterned on Pyrex glass. High resolution images were
obtained at up to 16 Hz.The scans were obtained with a PicoMaps system from Molecular Imaging Inc.

Rate 3.4 Hz
Area 7x7 um?

“rm
obe@ 0.50Y
sanned T —

Normal Force

Thermal

Fig. 7. This figure illustrates topography, lateral force, normal force, and thermal images can be obtained simultaneously. The sample was a 20 nm thick
film Ti patterned on Pyrex glass. Thermal features smaller than 200 nm can be observed. The scans were obtained with a PicoMaps system from Molecular
Imaging Inc.
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(deflection images) with increasing scanning rates. The
sample was a 20nm thick film Ti patterned on PyrexTNI
glass. The scans were obtained with a PicoMaps system
offered by Molecular Imaging, Inc. Although there is some
loss of resolution at higher speeds, the image is still visible
at 48 Hz (1476 um/s).

In lateral force imaging mode high resolution images
were obtained at up to 16 Hz (480 um/s) with a resolution
<100nm over a 15pm line at 16 Hz. Fig. 6 shows a
number of lateral force scans. The sample used was a 20 nm
thick film Ti patterned on Pyrex glass.

Fig. 7 illustrates topography, frictional force, and
thermal images obtained simultaneously. For these, the
PicoMAPS system was used along with the PicoSPM II
microscope and the PicoScan 3000 controller. These were
connected to the probes through a custom interface circuit
that included a Wheatstone bridge, gain stages, and low-
pass filters to reduce noise. The output voltage change
represents the thermal conductance of the sample. The
thermal image deteriorates more rapidly with increasing
scanning rates. However, at scan rates of 16 Hz (480 pm/s)
1 um thermal features are still visible. Prior work has
shown that with the open-loop interface circuit such as the
one used in this experiment thermal data rates in excess of
1 KHz can be accommodated [24]. With servo-controlled
circuits higher speeds are acceptable.

4. Conclusion

This effort has addressed applications of a polyimide
probe in high-speed normal force and lateral force imaging.
Experimental results demonstrate that normal force images
can be obtained at 48§ Hz (1.47mm/s) and lateral force
images can be obtained at 16 Hz (0.5mm/s), both with
<100nm spatial resolution over a 15um scan (>7 bit
resolution). The properties of polyimide suggest that it is
favorable for cantilevers used in lateral force measure-
ments. The probe includes a thin film metal resistor as the
sensing element for thermal imaging. The probes are
fabricated by a 6-mask surface micromachining process.
Typical probe dimensions are 250 um length, 50 pm width,
and 3 um thickness. The probe has a spring constant of
0.082N/m, and can be further reduced by reducing the
probe width and thickness. The probe has a topographical
resolution of <1nm. Furthermore, these probes can easily
be arrayed for even higher throughput [29].
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