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The current state of art of electrostatic force mimopy is described in the paper. The principle of
electrostatic force operation enabling one to analysé lmttage distribution and capacitance is pre-
sented. The design and properties of electrostatic forceosnapy microprobes are discussed. The
application and manufacturing process of piezoresistive ceatdevith conductive tips and of silicon
beams with metallic probe are presented. In order to shoeafrabilities of electrostatic force micros-
copy methods of investigations of local voltage distributtm surfaces of microelectronic integrated
circuits (IC) are described. Improvements of electrasfatice microscopy and of other electrical meth-
ods based on scanning probe microscopy confirm an increasingsinterelectrical probing at the
nanometre scale.
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1. Introduction

A rapid progress in nanotechnology has been obsenadtlo past twenty years.
This progress has also been influenced by the developheew diagnostic methods
aimed at testing fabricated nanodevices and maetiahearly all these investigations,
nanometre local resolution of the experiments perforamat extremely high measure-
ment sensitivity are needed, as high as those es$tedblin macroscale investigations.
One of the best known techniques which enables surfeesurements with the re-
guirements defined above is the scanning probe miqugsdde development of this
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techniqgue was stimulated by the invention of firstneigg tunneling microscope
(STM) by Binnig and Rohrer in 1981 [1]. Based on thegtesf STM, the first atomic
force microscope (AFM) was developed in 1986 [2]. In sy, the era of structural
analysis of surface properties using the scanning prabeosoopy begun. Atomic
force microscopy, in which force interactions actimy the microtip located upon a
spring cantilever on the length scale from*i@ 10’ are monitored, belongs to scan-
ning probe microscopy methods. In 1988 Martin et al. [¥eldped an atomic force
microscopy based technigue which enabled measurememigctfostatic forces and
capacitances between the conductive tip and the susfitespatial resolution of 100
nm. This technique was also applied for potentiomety$Jand detection of charges [6].
In 1991, Abraham et dlf] demonstrated for the first time that dopanffil@®in the range
of concentrations between'i@nd 18 cni® can also be measured in a nondestructive
manner by means of an electrostatic force microsegihecapacitive detection. How-
ever, the measurement possibilities are strongly deperwh the parameters of the
micro- and nanoprobes applied and on the measuremept &ethis paper, we present
a general principle of electrostatic force microsctpiyM). We demonstrate the appli-
cation of this technique in voltage measurement enstirface of a microelectronic
integrated circuit. Additionally, we present electatie force microscopy nanoprobes
with conductive microtips which were applied in our experits. We also consider
noise and sensitivity of the developed experimentdhoaks.

2. The principle

In electrostatic force microscope (EFM), the elestatic forces between the canti-
lever nanotip and the surface are measured. To nminitei distance over the
investigated surface, the cantilever vibrates ates®nance frequency. Due to van der
Waals forces, the beam vibration amplitude changeghenthicroscope controller de-
fines the cantilever height over the sample using azoelectric actuator.
Simultaneously, in order to measure electrostaticant®ns in this setup (Fig. 1), we
applied a voltage, consisting of an AC and a DC compsnU = Uy, + UgsSin(ad)
between the tip and the sample which gives rise &latrostatic force given by:

_1 dcC
2 (U dc +Uac Sln(m))

; f'f (U2 + 2uac) + 20U, sin(at) + = uac A-sin@at)], (1)

_1dcC
o (e TR+ Fa)

whereC is tip-sample capacitance ands the voltage frequency.
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Fig. 1. Electrostatic force microscopy Fig. 2. Experimental setup
— a general principle of an electrostatic force microscope

Metal

Pl Controler

In the force spectrum, three separate frequency comisoasm observedy., Fo,
F..» Which can be measured selectively using lock-in dimdi Note that in order to
measure the DC potential on a specimen, a sum of ayxili@r and AC voltages is
applied to the conductive cantilever microtip (Fig. Bhe oscillation of the cantilever
with the frequencyvshould be balanced to zero by controlling the auxili2@/voltage
in a feedback loop. In this way, the DC voltage apgiethe microtip corresponds to
the voltage on a specimen.

3. Electrostatic for ce microscopy microprobes

In first electrostatic force microscopy experimentgtahwires fabricated by elec-
tromechanical etching were used. Relatively highii rafl the cantilever tips and,
additionally, large cantilever spring constants #mer low resonance frequencies did
not make them suitable for routine applications. Inrla&geriments, commercially
available highly doped silicon cantilevers were appliednvestigations of electrical
surface parameters. However, the spatial resolutidi® afm in surface investigations
and the high mechanical wear were not sufficiennamy applications. In our experi-
ments, two kinds of electrostatic force microscomnsers have been employed:
piezoresistive silicon cantilevers and silicon dawérs with metalic tips. Most of EFM
systems require optical techniques to detect a subné&mgometion of the microtip.
From the demand for simplifying the EFM head, araidame to build the cantilever
with an integrated deflection detector and the aotide microtip isolated from the
cantilever body. The microprobe, fabricated in theailion insulator (SOI) technol-
ogy, integrates the piezoresistive bridge deflecBensor whose resistivity changes
when the cantilever is bent [8]. In this way, an teleal signal corresponding to the
beam deflection is measured and can be fed into aathmicroscope control unit.
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The device developed is shown in Fig. 3. The dimessaf the sensor are: the length
600 pm, width 210um, thickness 1%um, which corresponds to the spring constant of
113 N/m and the beam resonance frequency of 50 kHz. Tiag@aneasurement sen-

sitivity is limited by the relative high spring coast amounting 50 mV for the design

described.

Acc.V SpotMagn Det WD Exp 1 200pum
200kV 3.0 101x SE 21.4 6303 ITE Warsaw

Fig. 3. Piezoresistive cantilever with conductive Fig. 4. Microfabricated cantilever
tip for electrostatic force microscopy.iMVi4 with metallic tip for the electrostatic
are metalization pads for piezoresistive sensor, and capacitance microscopy [9]

O, — connections strips to the conductive tip

To perform more sensitive experiments, we developeanélever with a metallic
tip [9]. The sensor was fabricated in the complementagtal oxide semiconductor
(CMOS) technology combined with the surface and bulkranhachining. The micro-
probe consists of a pyramid-shaped Cr tip and a metatikposited on a silicon beam
(Fig. 4). The narrow metal strip located on the daver backside is used for the elec-
trical connection between the microtip and the mimwps electronics. The metal
cantilever tip makes the sensor suitable in semicoadunvestigations like dopant
profiling based on capacitance—voltage-Y) and electrostatic force measurements.
The beam deflection occuring when the cantilever i® b@der van der Waals and
electrostatic interactions is observed using an dptisition sensitive detector with the
resolution of 0.05 nm in the band width of 100 Hz.

4. Experimental

The sensitivity of the electrostatic interactionsasurement using the piezoresistive
cantilever was tested. The Wheatstone piezoresistidge cantilever was placed 100
nm above the surface (the distance was controlled figre interferometer) and the
beam resonance curves were recorded for the tip-surédteges of = 0 V andU =
10 V. The electrostatic attractive interaction acsaa additional spring shifting the
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beam resonance frequency to lower values. The resoffistriency shift for the par-
allel tip—surface capacitor is given by the equation:

. §,AU?

For the beam with the geometry of= 600um, b = 210um, d = 15 um, spring
constantk = 113 N/m, resonance frequengy= 50 kHz, cross-sectional arda= 0.1
ur?, the resonance frequency slift can be estimated to amount to 15 Hz. In Figure
5, the resonance curves measured for the tip-surfategeobf 0 V and 10 V are

shown. The resonance frequency shift of 20 Hz wastéeteinder the voltage differ-
ence of 10 V.
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Fig. 5. Resonance frequencies of the piezoresistive castiley 50000 30400 50800
with a conductive tip under various probe voltages [8] Resonance Frequency [Hz]

Fig. 6. Topography of the MEMS piezoresistive force Fig. 7. Electrostatic force microscopy map
detector measured with the fabricated microprobe of the voltages in the area shown in Fig. 6
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To present the possibilities of the voltage measurememtapplied the cantilever
with a metalic tip in the test measurement of thepdiential on an IC surface. The
sample contains four implanted resistors which araextad to form a Wheatstone
bridge (Fig. 6). The sample topography was measured basbé resonance vibration
reduction under the influence of the van der Waalsefonteraction. While scanning the
surface we also observed the electrostatic fBrgavhen only one bridge resistor was
supplied with the voltage of 10 V. The voltage drop altrgimplemented resistor is
clearly seenin Fig. 7.

5. Conclusions

The electrostatic force microscopy based on the swgnmobe microscopy meth-
odology, is an established technique for local ingatibns on insulating and
conductive nanosystems. Using this technique, onesttaly not only the topography
but also obtain information about: (i) local work funaotion the surface (so-called
Scanning Kelvin Microscopy), (ii) capacitance betwésm microtip and the surface,
related to the dielectric surface parameters or damafites, (iii) voltage behaviour on
an operating structure. The features presented makeostatic force microscopy im-
portant as a tool in nanotechnology and failure amalyAn improvement in spatial
resolution is connected with the fabrication and apfibn of cantilevers with spring
constants inferior to 5 N/m, upon which tips with thdius of 15 nm are located. The
increased measurement sensitivity can be achievegjblyirg electrical modulation
voltage to the tip whose frequency corresponds talaehieigenmode resonance beam
oscillation.
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