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Abstract: Due to their complex tasks micro-systems are affected in their performance by the local variation of
material parameters like mechanical, thermal, optical, electronic and electrical properties. As the active areas of
micro-systems are not only in the micrometer range, but in the submicron or nanometer range, evaluation of these
features has to be carried out with corresponding spatial resolution. Typical candidates for this are various
derivatives of scanning probe microscopes like scanning force, near field optical, or thermal microscopes, allowing
quantitative analyses with a resolution of, say, a few to a few tens of nanometers. However, to allow non-
destructive testing, precautions have to be taken in order to get to the location of interest. One possibility is
implementing a scanning probe microscope into a scanning electron microscope [1]. Thus, not only routing to the
location of interest is much easier, but more important is that electron beam and probe tip can act alternatively as
nanometer sized actuator and sensor to allow an optimum local testing. Further, in spite of the dimensions of
interest being small, the area — or volume — to be analyzed may become much larger, even up to millimeter. Then
calibrated positioning of the testing probe in all dimensions is essential for achieving quantitative information. This
can be done by implementing a three-dimensional holographic standard into a scanning force microscope system
[2]. The usefulness of such advanced techniques is demonstrated for the case of a micromachined rf power sensor
with a thin membrane structure.

Introduction: Micro-systems are used for many different applications combining electrical, mechanical and optical
functions in one device. Their size becomes always smaller and the complexity increases. Scanning Probe
Microscopy (SPM) is a multifunctional tool to characterize these devices with nanometer resolution and to analyze
various material parameters locally. Since micro-structures often consist of many different layers and thin films
with various mechanical, electrical, thermal or optical functions, diverse measurement techniques have to be
applied for characterization which can be provided by SPM.

In this work a micromachined GaAs power sensor is investigated acoustically and thermally. In the device the input
power is absorbed in a matched resistive termination on a 2um thick AlGaAs/GaAs membrane. It is difficult to
perform structure analysis only by help of topographic measurements since the device surface is almost flat and the
thin membrane can also be shifted by these investigations. To achieve a good image of the real device structure,
Scanning Near field Acoustical Microscopy (SNAM) is applied for investigation of the transition between
membrane and bulk material. With SNAM technique different structural properties can be detected and it was
shown with ferroelectric domains that resolutions down to 30nm can be achieved [3]. The thermal analysis of this
membrane structure is done by resistive Scanning Thermal Microscopy (SThM) to measure different local thermal
properties as temperature distribution, thermal wave propagation, and thermal conductivity. It has already been
demonstrated that, by using a resistive thermal probe, the detection of temperature distribution with an accuracy of
5mK in the temperature range, and local resolution of about 50nm can be achieved [4]. In addition, using the
resistive probe as heater and detector simultaneously, contrast imaging of different local thermal properties and
measurements of quantitative thermal conductivity with an error of +2% are obtainable [5].

The analyzed GaAs power sensor [6] utilizes a simple principle of rf to thermal power conversion which is then
indirectly measured by thermo-electrical means. The rf signal is fed into a matched terminating NiCr resistor,
which is located on a 2pm thin Alj4sGags,As membrane (Fig. 1). The rf energy is dissipated as heat and the
resulting temperature difference between the center of the membrane and the rest of the bulk is measured by means
of integrated GaAs/CrAu series of thermocouples (Thermopiles). The Aluminum mole content in the AlGaAs
membrane layer allows for maximal thermal resistance and thermal isolation of the membrane region in order to
provide high temperature gradients to the heat sink (the rest of the chip). An accurate measurement of the true rms
power absorbed by the resistor is provided by the dc voltage delivered by the thermopiles. The passive nature of the
sensor allows highly linear response over a wide dynamic range. The fabrication of the membrane structure
involves steps of surface and bulk micromachining technologies to respectively define the electrical and thermo-
electrical structures on the top side of the chip, and release the membrane structure through selective etching of the
substrate from the backside. Depending on the frequency and the measurement range, the design of the sensor



includes the definition of low-loss transmission lines and matching network for the feeding of the terminating
resistor. In particular, the transition bulk-membrane and the influence of etch profiles should be taken into account.
The transition from bulk to membrane, for the used selective wet-etching technique, is not a step but it is a very
smooth change as shown in Fig. 1.
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Fig. 1: Schematic view of investigated GaAs power sensor
Results: The measurements were done by the two different techniques, SNAM and SThM, in separate
measurements. But all measurements were performed using the same tip and they took place under the same
environmental conditions.

For acoustical investigations two different modes of SNAM are used in this work. In contrast to other acoustical
SPM techniques, where a piezoelectric transducer is used either as sensor [3] or actuator [7], the cantilever of the
SPM is used as actuator and sensor simultaneously in both methods used here.

The first method is the piezoresponse-mode (Fig. 2, switch: a) which makes use of the piezoelectric properties of
the sample and is usually used to characterize domain structures in ferroelectric materials [8,9]. Since our sample
consisting of GaAs is also piezoelectric, this method can be applied here as well. The tip of SPM cantilever is in
contact with the sample and an ac-voltage is applied between tip and sample backside. Due to the harmonic field
applied across the sample, a mechanical sample oscillation takes place, resulting from the piezoelectric effect. As
the field strength has its maximum directly among the tip, the oscillation takes place mainly in a small volume
around the tip. This sample oscillation induces an oscillation into the cantilever since they are in contact. The
cantilever oscillation (upr, @pgr) is then detected by the laser deflection method and measured with lock-in
technique.

The second method is the force modulation mode (Fig. 2, switch: b) where the contact force between tip and
sample is modulated by a small ac-signal. The resulting cantilever oscillation (ury;, @) depends on the contact
properties, the hardness and the stiffness of the sample. This signal is also detected by laser deflection method and
lock-in technique.
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Fig. 2: Principle of SNAM modes: a) piezo-response, b) force modulation

During the measurement topography and acoustical signal are recorded simultaneously and three images are
obtained consisting of topography, amplitude and phase of the measured signal. The topography image has to be
modified by levelling to make the small changes visible such that the transition bulk-membrane can also slightly be
estimated from that image. The marking line in the images indicates the smooth transition from bulk to membrane.
Fig. 3 shows a piezo-response measurement at a corner of the membrane for a contact resonance on the membrane
(124.1kHz). Amplitude and phase of the piezo-response signal correspond very well to the structure that can be
estimated from topography. A good contrast between membrane and bulk material can be seen in the amplitude
signal. The phase signal shows the transition area quite clearly. This contrast results from different electrical field
distributions, different mechanical expansions and different contact resonances in bulk and membrane.

To investigate the difference in contact resonance, the piezo-response measurement has also been performed for a
contact resonance on the bulk material (125.4kHz; Fig. 4). Comparison of both amplitude images shows that for
membrane contact resonance there is a sharp contrast between membrane and transition area. On the other hand, for
bulk contact resonance, the contrast is between bulk and the transition area.

A measurement taken with the force-modulation technique is shown in Fig. 5. The membrane structure can be seen
in this measurement as well, but the measured signal is quite different from the piezo-response signal. The
transition in signal amplitude is much smoother and there are no sharp contrasts for the force-modulation. There is
a higher signal on the membrane due to its thin structure which makes it more resilient than the bulk material. The
phase distribution is different, too. Due to the differences compared to the piezo-response mode it is obvious that
the piezoelectric interactions are significant in the piezo-response mode and cannot be neglected compared to the
pure mechanical influences.
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Fig. 3: Piezo-response measurement for membrane contact resonance: (a) amplitude, (b) phase
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Fig. 4: Piezo-response measurement for bulk contact resonance: (a) amplitude, (b) topography (levelled)
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Fig. 5: Force modulation measurement: (a) amplitude, (b) phase

The thermal characterization of the sample is done with two different operation modes of SThM, taking the thermal
resistive probe for temperature detection only (at DC or AC operation of device under test) or as heater and
detector simultaneously for the measurement of thermal conductivity. In both operation modes the used thermal
probe is supplied by an ac voltage. While in case of thermal conductivity measurements the probe current
modulation is used to generate a thermal wave into the sample and to detect the material dependent resistance
variation of the thermal probe, the modulation of the voltage drop along the resistive probe in case of temperature
measurement is just used to improve the signal to noise ratio. Moreover, the modulation of an active operated
device under test (DUT) enables to detect the amplitude as well as the phase of the resulting thermal wave in
dependence on the distance » between the centre of the thermal source and the scanning probe. Thus, the
modulation of the DUT enables to detect the thermal wave propagation characteristic in dependence on the sample
properties. In this context, the relationship between temperature T, power P and electrical current / (T oc Poc I%)
leads to a propagating thermal wave with the circular frequency 2w, if the modulation of the DUT current occurs at
®. Measuring sensitively the resulting harmonic resistance variation of the thermal probe at 2w by using the DC
voltage supplied Wheatstone-Bridge and a Lock-In-Amplifier (LIA), leads to the detection of amplitude and phase
of the local harmonic temperature variation due to the ac stimulated device. The complete schematic setup, which
enables to perform the three different and complementary kinds of thermal investigations is illustrated in Fig. 6.
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Fig. 6: Schematic set-up of the used SThM with different operation modes allowing the measurement of (a) the static
temperature, (b) the thermal wave propagation characteristic, and (c) the thermal conductivity.



As described above, the setup depicted in Fig. 6 allows to detect the (a) static temperature, (b) the amplitude of the
periodic temperature variation, and (c) the thermal conductivity in dependence on the position. The theoretical
description and the achievable performance of the thermal conductivity determination mode is described in [5,10],
while the static and dynamic temperature modes have been analysed in [11], where the influence of the sample
characteristics (like e.g. temperature and sample geometry) on the output signal of these static and dynamic
temperature have also been demonstrated. The unwanted influence of the sample characteristic on these types of
thermal output signals is demonstrated in Fig. 7, where these quantities are depicted across the interface between
thin membrane and surrounding bulk membrane. Within the static temperature line measurement the varying
temperature gradient in dependence on the local sample thickness becomes obvious. Thus, all microscopic
techniques for thermal conductivity determination, which are analysing this temperature gradient or are affected by,

have to consider the varying thermal resistance. Since this thermal resistance (R, =——) is also influenced by

sample geometry, it is difficult to extract the pure thermal material characteristic A within this static mode. Trying
to overcome this problem by using a dynamic heat source, the dynamic temperature line measurement in Fig. 7
reveals that also in this case the output signal can be falsified by the varying sample thickness: as long as an
interface between different sample characteristics separates the periodical heat source from the used detector, the
determined material specific thermal conductivity will be affected to an extent depending on the degree of sample
variation. Thus, such a falsification is typical when investigating inhomogeneous microstructured materials.

1es —
X-.. dynamic ,
r . Do : :
0.8L N .‘}.... RS e L
2 [ e, iq—Interface
vosf I e, b
N | » .  bulk material
= - Sstatic | N ;
g04 SRR
A, r : E""t‘g
0 I ‘ ‘ *s
o2 o T M,
[ membrane | W W,
| A TR N SN R dn A * ¥
0 10 20 30 40 50
position in ym

Fig. 7: Static and dynamic temperature measurement across the interface between thin membrane and surrounding bulk
material. The influence of the sample thickness on the output signal becomes obvious (static: different gradients; dynamic:
discontinuity at interface region)

Similar unwanted influences on the thermal material characterization can be expected if the source is also used for
detection like in the case of the resistive Scanning Thermal Microscope scheme. If the source in this case is
scanned above the surface of a sample, where the geometrical characteristic is varying in dependence on the
location, the significant self heating of the probe causes a permanent heating of the sample. Due to the increased
thermal resistance R, of the sample this heating of the sample especially occurs at the area of the thin membrane.
Consequently, if the thermal conductivity representing signal is not uncoupled of the temperature, the output signal
will drift during the complete scan procedure, which finally leads to an unwanted falsification in dependence on the
temperature variation again (Fig. 8a,b). In contrast, the 3w-signal representing thermal conductivity is not affected
by any temperature drift during the scan procedure although the same significant self heating of the probe is present
(Fig. 8c). In this case the continuously increasing temperature of the sample does not affect the 3m-signal due to the
fact that the signal generation is just caused by the amplitude of the periodical resistance variation of the resistive
probe. Additionally, Fig 8c demonstrates that there is no influence of the varying sample thickness on the 3w-signal
representing thermal conductivity, since the thermal interaction is limited to the surface area due the near-field



condition of the resistive Scanning Thermal Microscope [10]. Since the output signal in case of the 3m-method is
not influenced by the sample characteristics like temperature and thickness, this method enables to measure the
thermal conductivity in dependence on temperature and film thickness.
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Fig. 8a,b: Local thermal conductivity obtained by use of w-signal: (a) qualitative 2D data image across the interface region
between membrane and bulk material and (b) according line analysis clarifying the continuous and falsifying drift of the output
signal.
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Fig. 8c: Material specific local thermal conductivityul;affected by sample characteristics (like temperature and sample
thickness) obtained by use of 3m-signal.

Discussion: The comparison of acoustic and thermal measurement techniques shows significant differences. Both
methods were carried out with the same SPM and the same tip under the same surrounding conditions. Also, both
methods have the big advantage for failure analysis that they are non-destructive. But the results obtained from
SNAM and SThM differ strongly. In the acoustical signal a significant contrast between the local measurement on
the membrane and the bulk exists. Hence, with this measurement the device structure is detected. In the dynamic
temperature measurement on the operating device a step in the signal can be observed at the interface between bulk
and membrane due to a better heat dissipation of the bulk material. But for the thermal conductivity measurement
the signal remains constant and no contrast can be observed between membrane and surrounding bulk material
since the top layer is homogenous across the interface and has a constant local thermal conductivity.



The difference between the SNAM and the SThM method has to be explained by their signal generation

mechanisms. SNAM only works at special resonance frequencies depending on the whole measurement system. If

a small detail is changed, the resonance frequency is shifted and this is also valid for the tip whether it is on the

membrane or on the bulk material. SNAM depends also on the propagative properties of the device investigated

and hence deeper structures can be detected. In contrast, the 3m-signal of SThM only depends on the local thermal

conductivity in the near-field at the surface where the measurement takes place. Here only the local properties in

the small point of investigation are important. Therefore, no contrast can be achieved in this measurement as the

surface is homogenous over the whole device and consequently this method provides the capability to measure thin

films without influence of buried substrates and structures.

Conclusions: In this work it has been shown how micro-systems can be characterized acoustically and thermally

by SNAM and SThM. These two near-field techniques can achieve nanoscopic resolution and they are established

techniques in material characterization and failure analysis, necessary to investigate modern devices. The

investigation has been performed on a thin membrane embedded in bulk material which is part of a micromachined

rf power sensor. The structure has been analyzed using diverse acoustical and thermal SPM modes and differences

in those methods have been pointed out. These techniques of SNAM and SThM give the possibility for a non-

destructive local evaluation of acoustical and thermal sample properties.
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