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Abstract

    An intensity modulated focused ion beam (FIB) which is hitting the surface of a solid, leads to a small temperature variation in the near subsurface region which is sufficient for thermal elastic wave generation.  The measurement of these waves can be used for analysis and imaging of surface as well as near subsurface structures in the material. The modified FIB equipment IMSA-100 working with 35 keV Ga+ and Au+  ions and a current of about 3 nA was employed to obtain acoustic images from structures on silicon, aluminum and glass targets. The acoustic signals were detected using a PZT transducer delivering an output voltage of 50 – 100 nV at modulation frequency of 100 kHz. The frequency was varied in the range of 60 kHz – 2 MHz. The obtained lateral resolution of the ion acoustic images at 80 kHz was about 16 µm on silicon and about 7 µm on glass and at 2 MHz it decreases to 5 µm and 3 µm, respectively.
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1. Introduction

    In  the  last  decades  the scanning acoustic microscopy has become a very  useful  tool for non-destructive characterization and imaging of surface and sub-surface material properties. The excitation of thermal elastic waves in the material can be obtained by modulated beams like microwaves [1], pulsed lasers [2], or particles such as electrons [3] or ions [4-6]. For detection of  these waves several techniques were developed like optical beam deflection which is caused by the time-dependent change of the refractive index of air due to a heat transfer from the sample. Another method is optical interferometry which uses thermally induced surface deformation. A further technique employs a piezoelectric transducer to measure the thermal elastic response for imaging. A broad review is given elsewhere  [7]. Each of this methods has its characteristic pros and contras, like a limited resolution due to the energy dissipation volume in the case of Scanning Electron Acoustic Microscopy (SEAM). Our approach is now to combine the Scanning Acoustic Microscopy (SAM) with a high resolution excitation tool, a Focused Ion Beam (FIB), to a Scanning Ion Acoustic Microscope (SIAM). An advantage is that an analyzing and a modifying (repairing) tool is combined in one equipment. Some problems arise from the small acoustic signal output due to the excitation power of only some hundred µW.  

2. Experimental

2.1. Estimation of the obtainable resolution

    There are many processes giving rise to acoustic waves in solids during focused ion beam bombardment of a surface. The main reasons for the generation of acoustic waves is the periodical heating of a small volume of material near the surface of a sample. The heated volume can be characterized by the thermal diffusion length in the sample which depends on materials properties as well as, very sensitively, on the beam modulation frequency (blanking speed) and is given as: 
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where f  is the beam pulse frequency, C the specific heat, ( the density and ( the coefficient of thermal conductivity of the material. The obtainable lateral resolution  d  of the acoustic microscope near the surface of a sample consists of three main components – the excitation beam spot size ds , the diameter of the energy dissipation volume dV, and the thermal diffusion length in a sample dth:
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In the case of electron beam excitation the penetration depth is about some microns. The energy dissipation volume diameter for 30 keV electrons in silicon amounts to about 10 µm. Therefore, in spite of the very small spot size the SEAM technique has a limited resolution. In the case of applying pulsed laser beams the limiting factor is the spot size of about 1 µm. To overcome these problems this work deals with the demonstration of a SIAM based on a FIB system. The penetration depth of 35 keV heavy ions like gallium or gold in silicon is about 30 to 50 nm only. The straggling  of the ions in the cascade is in the same order of magnitude, i. e. the energy dissipation volume can be neglected.   The spot size of a FIB is usually about 100 nm operating with a sufficient current for SIAM application. So the thermal diffusion length is the resolution determining parameter. The thermal diffusion length  decreases with increasing of modulation frequency.  In the case of a silicon  sample the sub-micron range of thermal diffusion length can be reached at beam pulse frequencies of about 20 MHz.  This behavior is shown for three different materials in Fig.1.  
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Figure 1: Lateral resolution of the Scanning Ion Acoustic Microscope based on IMSA-100 FIB   

                 system as a function of the ion beam pulse frequency for different materials.

2.2. Experimental set-up

To prove that the FIB is suited for acoustic wave generation,  preliminary experiments were carried out [5].  The experimental set-up is shown in Fig. 2. The  main  part of  equipment  is the FIB system  IMSA – 100 [9]. This  system  was  designed  to  achieve  high  current  densities up to  10 A/cm2 .   The   ion  beam   column   consists  of  an alloy liquid metal ion source, objective and  projective electrostatic  lenses, a beam  blanking   system, an ExB mass separator, two stigmators for correction of aberrations, a beam  deflection  system,  and a secondary  electron imaging system. Singly charged  ions  can  be accelerated  up to an energy of  50 keV.  The typical spot size of  the focused ion beam is about 200-300 nm at medium current. For investigations of the ion acoustic effect Ga+ and Au+ ions with an energy  of  35  keV and  a  current  of  about 3 nA were used. Due to the high current needed,  the system worked without beam defining aperture and so the spot size of the ion beam was about 1µm.  The beam was pulsed with variable frequency up to 2 MHz with a duty factor of 1:1. 
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Figure 2:  Schematic diagram of Scanning Ion Acoustic Microscope based on IMSA – 100  FIB  system.

The acoustic waves were detected using a piezoelectric transducer with an integrated preamplifier. Several types of lead zirconium titanate (PZT) ceramic plates were used as a detector. These were glued on sample-holders made from different materials. The acoustic signal from the PZT detector was amplified by an integrated preamplifier with amplification factor of about  80000 and a noise voltage of  about 0.9 nV/Hz1/2. The frequency band width was 2 MHz. In order to obtain the maximum signal the pulse frequency of the ion beam was chosen equal to the resonance frequencies of  the PZT detector. The beam power was about 100 µW at the modulation frequency of 0.1 MHz yielding a PZT signal of about 50 – 100 nV on preamplifier input. In spite of the low amplitude of the signal, two-dimensional  acoustic images  were obtained combining a digital imaging system and a lock-in amplifier. 

2.3. Experiment

For the experiments several sample-holders and acoustic detectors with different resonance frequencies  were prepared. Silicon chips with different structure sizes were taken for investigation. The chip with  transistors was glued on a brass sample-holder. For imaging of a buried structure a micro-mechanical silicon sample on aluminum sample-holder was used. For gluing an epoxy glue, a special silver containing glue and cyanacrilate were employed. Due to the low signal output it was necessary to decrease the scanning velocity of the ion beam. It leads to a compression of the signal spectrum. So the signal to noise ratio can be improved using lock-in technique with large time constant of the output low-pass filter. The signal to noise ratio S/N depends on the total scanning time  T in the following way:
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A total time of at least 30 minutes was necessary to obtain an image containing 100x100 pixels. In order to get an image of a weak structure like a transistor the total time has to be increased to more than one hour. The amplitude of the signal also depends on the acoustic properties of the glue used for sample fixing.  Because of its damping behavior the acoustic properties of soft silver containing glue are less suited than an epoxy glue. 

3. Results and discussion

Fig. 3 shows a transistor structure obtained using imaging by secondary electrons (a) and ion acoustic amplitude (b). 35 keV Au+ ion beam with a current of 2.6 nA  and a beam blanker frequency of 80 kHz was used. The total time for amplitude image was about 1 hour. The thickness of the implanted structure is less than a micrometer but the thermal diffusion length in silicon at a beam pulse frequency of about 80 kHz is nearly 15-20 m and therefore it is difficult to resolve such a structure size. 

[image: image6.png]


     [image: image7.png]


  

Figure 3: Secondary electron image (a) of a transistor on a silicon chip glued on a brass plate and 

                 acoustic amplitude image (b) of the same structure at a resonance  frequency of the PZT 
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                 detector of about 80 kHz. 

In order to obtain an image of a buried structure a micro-mechanical sample was taken. The sample is a 280 (m thick silicon chip with pyramidal etched nozzle hollow [10]. It was glued on the sample-holder using cyanacrilate glue  which is shown in Fig. 4. 

Figure 4: Micro-mechanical silicon sample with pyramidal etched nozzle type hollow.

    Two images of the micro-mechanical structure are presented in the Fig. 5. The scanning was made around the square hole with  the size of  20x20 (m2 on the top of the chip which is shown in the secondary electron image (Fig. 5a). In the acoustic image (Fig. 5b) the cross of the pyramidal structure under the surface around the hole is also visible. The size of the acoustic image was 20x20 pixels which corresponds to 80x80 (m2. The beam blanker frequency was  254 kHz. Au+ ion beam with an energy of 35 keV at the modulated current of about 1 nA was used. The obtained lateral resolution here was about 10 (m. On this scanned region the depth of the structure is not more than 20-30 microns which is in the same range as the thermal diffusion length at this frequency. In this depth the main mechanism of the imaging is the generation of a thermal elastic wave in the sample. For imaging of a structure lying dipper than the thermal diffusion length the sound wave interaction with inhomogeneities of the material are used and therefore the acoustic wave length in the material must be smaller then the size of the structure. To have the wave length in the range of some micrometers it is necessary increase the modulation frequency up to 1 GHz but it cannot be reached on IMSA-100 FIB system  due to limitation of blanker electrodes. 
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Figure 5: Secondary electron image (a) of a silicon chip with pyramidal etched hollow structure and 

                 the acoustic amplitude image (b) of the same structure at a resonance  frequency of the 

                 PZT plate of  254 kHz.

    In order to determine the experimental lateral resolution several piezoceramic detectors were used at their resonance frequencies of 80, 254, 339, 632 kHz. These measurements were carried out on silicon, aluminum and glass samples. The results are also introduced in the Fig. 1. The resolution on silicon is nearly the same as on the aluminum sample. 

4. Conclusions

The results show that a FIB system combined with a piezoelectric sensor allows to generate and detect acoustic signals from surface and near sub-surface structures with lateral resolution in the µm-range. The system can be used for analyzing as well as for modifying or repairing of buried features. A further improvement of the resolution of the ion acoustic microscope requires a higher beam pulse frequency. The improvement of the signal to noise ratio allows to decrease the total scanning time for imaging.      
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