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ABSTRACT

Scanning probe microscopy has developed to a powertil tool in

surface topography and is going to become a characterization

method for electrical potentials of monolithic microwave

integrated circuits. Measurement bandwidths above 100 GHz

force the development of optimized millimeter wave proximal

probes with simultaneously nanometer spatial resolution. We

present the design, production and characterization of such

proximal probes using integrated planar waveguides well suited

for the millimeter wave range keeping the nanometer spatial

resolution of the tip for topography measurements.

INTRODUCTION

During the last decade the specifications of monolithic

microwave integrated circuits (MMICS) have increased

dramatically. Forced by a growing communication market,

modern MMICS show submicron structures driven with

210 GHz signals [1]. Circuit problems occurring in such

complex, large scale integrated, high frequency circuits call for

highly accurate measurement tecluiques with both high temporal

and high spatird resolution. Beside the needle probe station,

which is less suitable for device internal measurements, electro-

optic sampling is well established for MMIC internal

measurements but suffers today from limited spatial resolution

[2,3]. Whh regard to the analysis of today’s and fiture MMICS a

new contactless test tool with combined very high resolution

limits, the electric force tester, has been introduced [4-8].

However, the maximum measurement bandwidth in the voltage

contrast mode is limited by the pulse width of the sampling pulse

on the probe. For millimeter wave and future submillimeter wave

applications this proximal probe has to be optimized as far as

possible.

PRINCIPLE OF THE ELECTRIC FORCE TESTER

An electric force tester, based on a scanning force microscope

(SFM) for the measurement of electrical potentials utilizes a

proximal probe consisting of a sharp conducting tip mounted on

one end of a cantilever which is scanned across the surface of a

device (Fig. 1). An electrical signal on a transmission line causes

locally a deflection of the cantilever due to the Coulomb

interaction which is optically detected. As the mechanical

response characteristic of the proximal probe precludes the

measurement of fast voltage changes a mixing scheme has to be

used where the proximal probe is biased with either a sine wave

signal or a voltage pulse. In this way, high measurement

bandwidths up to 104 GHz and a spatial resolution below

100 nm in the voltage contrast mode have been demonstrated

[5,6]. Additionally, nanometer spatial resolution in topography

mode is possible [4]. The basic principle of the mixing scheme

can be explained using a plate capacitor with spacing h as a

simple model for the probe/MMIC arrangement. Assuming a

time dependent voltage Us@ on the probe and a time dependent

voltage Up(r) on the MMIC a square dependency of the

electrical force ~ between the probe and the MMIC (normal to

the two plates, y-dh-ection) on the voltage difference

USp(ij = Uj(rj - Up(ij will occur.

w. SFM-Probe

Usp=us-up Ih
c

Im
Figure 1: Basic principle of electric force microscopy @late
capacitor mode~.

The bending of the conductive SFM probe which is in a fixed

height h above the sample sufiace is caused by the voltage

difference Usp(tj between the probe voltage Us(i) and the

sample voltage Up(z). The effective force ~ on the probe

depends on the voltage difference and the probe position,

leading to

(1)

Solving Eq, 1 for the case of high frequency sinusoidal voltages

gives:
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1——. i~z - cos(201~ . t)
2

1——. ilpz - COS(2COP. t)
2 (2)

+i~. ip. cos(o~. t+op. t)

-i~. ip. cos(o~. t–op. t) ].ZY.

Based on this simulation the SFM probes were modified using

an FEI 620 focused ion beam system. Gallium ions with an

energy of 30 KeV were used. The system allows to use beam

currents ranging from 6 pA to 7 nA. The coated SFM probe was

mounted on a 5-axis stage and secondary electron imaging was

used for probe alignment and control of processing steps. To

create coplanar waveguides, a line structure was milled by

focused ion beam enhanced etching using iodine as an etchant.

Taldng into account that high frequency terms in Eq. 2 (20J,s,

2cop, CO.S+ rep) are eliminated by the low mechanical bandwidth

of the probe Eq. 2 simplifies. This means that the force on the

probe depends (beside the two static terms) on a difference term

cos - cop modulated with the amplitude il ,S of the known probe

signal and the unknown amplitude II p of the MMIC signal.

1
(3)

1–ds. zip. cos(cos. t-op.t) .Ey.

In this way the former high frequency sample signal is down

converted to the flequency difference ros - rop If this frequency

difference is well below the mechanical resonance frequency of

the cantilever the probe movement will directly follow the

MMIC signal.

DESIGN OF OPTIMIZED PROBES

The maximum measurement bandwidth in the voltage contrast

mode of an electric force tester is mainly limited by the pulse

width of the sampling pulse on the probe. Standard pulse

generators produce electrical pulses with amplitudes up to 10 V

and a pulse duration of about 130 ps [2]. Further improvements

can be made using non-linear devices for pulse compression, like

non-linear transmission lines, leading to pulse duration’s below

1 ps [8]. Millimeter wave applications support the need for such

short electrical pulses and therefore, optimized probes with

integrated coplanar waveguides have to be developed,

The easiest way to produce prototype probes usable for the

millimeter wave regime is the modification of a metal coated

commercially available SFM probe (Fig. 2a) using a focused ion

beam, For the realization, an simple coplanar waveguide was

desi~ned, simulated and realized. Taking the geomet~ of

commercially available aluminum and platin coated SFM probes

into account a coplanar waveguide on silicon substrate has been

simulated using “Linear and nonlinear microwave circuit analysis

and optimization” soilware [9]. A line width of 17 pm for the

center electrode and a spacing to the ground electrodes of 3 ~m

should therefore provide a 50 &2 waveguide for an optimum

matching to a 50 !2 amplifier.
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EXPERIMENTAL CHARACTERIZATION

c)

Figure 2: a) Coated unstructured stanakmd topography SFM
probe (fop view). b) Micro structured SEWprobe with coplanar
waveguide (top view). c) Sketch of the realized micro strucwred
SFh4probe.

The beam current was 7 nA with a beam diameter of 400 nm.

The total processing time was 45 minutes. The final structure

consisted of a coplanar waveguide with a total length of about

1 mm. For process verification of the coplanar waveguide a

scanning force microscope topography image was measured on

the micro structured SFM probe shown in Fig. 2b. The width of

the center electrode was 18 Vm and the gap between the ground

electrode and the center electrode was 7 pm (Fig. 2c). Fig. 3

shows a cross section of the reahzed coplanar waveguide in

direct comparison to the simulated waveguide (principle

geometry shown at the top). A small mismatch of real and

simulated vrdues (11’XO) forced a second simulation of the

impedance using the sofiware tool. An impedance of 44 ~ for

the realized micro structured SFM probe is calculated.
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Figure 3: Comparison of simulated (’Mack areas at the top) and
—) cross-section (see Fig. 2b) of the coplanarmeasured (

waveguide on the SFMprobe.

The unstructured and structured SFM probes have been

characterized using a HP85 10C network analyzer in the

flequency range from 45 MHZ to 45 GHz (linear frequency

sweep, see Fig. 4). The SFM probes have been dkectly

contacted with standard RF-probe tips (Picoprobe 40A-GS@ to

avoid the degradation of the RF-behaviour due to parasitic

inductances and capacitances caused by bond wires and to

achieve a high measurement accuracy.

b)

Figure 4: a) Input coefficient s1l in dependence on the
frequency (45 MHz-45 GHz) for an unstructured SEMprobe. b)
Input coefjcient s1l in dependence on the frequency (45 MHz-
45 GHz) for a structured SFMprobe with a planar wavegui&.
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A one-port SOLT-calibration with a standard calibration

substrate has been performed to measure the input impedance,

characterized by the scattering parameter S11, of each SFM

probe @lg. 4). The coated unstructured SFM probe (Fig, 4a)

shows strong variations of the input impedance in dependence

on the frequency. This leads to varying signal amplitudes and

increases the problems of matching the probe to a 50fL

amplifier. In contrast to the unstructured SFM probe, the SFM

probe with a planar waveguide shows a nearly linear impedance

behaviour in dependence on the tlequency (Fig. 4b). Figure 4b

reflects an impedance behaviour which is comparable to a

transmission line with high distributed resistance. Even the lower

phase shit? due to the lower distributed capacitance and due to a

reduced effective length of the planar waveguide leads to an

uncomplicated matching to an amplifier and to a nearly constant

amplitude of the measured RF-signal.

CONCLUSION

A new scanning probe microscope probe for electrical millimeter

wave measurements on MMICS keeping the nanometer

topography imaging capability has been developed, simulated

and realized. The experimental characterization shows an

improvement of the electrical properties.
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