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ABSTRACT   

In previous research we introduced an experimental methodology in which focused-ion-beam (FIB) sectioning, followed 
by secondary ion (SI) and secondary electron (SE) imaging, was used for testing the internal material homogeneity of 
silica and chalcogenide glass microspheres. The methodology is readily applied to micro-optics with dimensions of a few 
microns. The use of both SI and SE imaging of the sequentially sectioned samples was shown to allow accurate 
assignment of inhomogeneities, voids and other imperfections as being within the footprint of the micro-optic. On larger 
micro-optics FIB sectioning can become prohibitively time intensive and can require the use of too much platinum in 
sample preparation for evaluation of the bulk of the micro-optic. However, improved sample preparation and image 
analysis has enabled high magnification and high sensitivity study of the glass near the surface of chalcogenide 
microspheres with diameter of order 70µm. The chalcogenide glass is Ga2S3/La2S3, in a 70/30 weight percent ternary 
(GLS) and the microspheres had been kept in air, in normal laboratory conditions, for about two years prior to testing. 
Evidence of an altered layer with a width of the order of 0.1µm near the surface and then an outer porous layer at the 
surface was found. Lower resolution studies are then reappraised in light of the high resolution measurements. 

Keywords: micro-optics, microsphere, glass homogeneity, chalcogenide, aging, corrosion, focused ion beam sectioning, 
secondary ion imaging, secondary electron imaging 
 

1. INTRODUCTION  
1.1 Glass microspheres and their applications 

Microspheres of various glasses are synthesised or fabricated by a range of methods for applications in photonics. There 
are two important size ranges. Microspheres in the one hundred to a few hundred microns diameter range are used as 
whispering gallery mode cavities for microsensors and, with doping, for microlasers1; and also for devices in optical 
communications.2 In these large microspheres it is the optical quality of the glass at the surface and close to the surface 
that is most important. Microspheres with diameters in the range of a few microns are used to study near field focussing 
onto an underlying substrate.3-5  Microspheres of other materials such as polystyrene are also used in such studies. These 
near field focussing effects can in turn be harnessed for application to nanopatterning and nanostructuring surfaces.6,7 
Large numbers of monodisperse silica microspheres with sub-micron to few micron diameters are used to fabricate 
synthetic opals for application as photonic crystals.8,9  We have used such silica microspheres as test particles in laser 
cleaning studies to test fundamental physical models of the short-pulsed-laser/particle/surface interactions that result in 
de-adhesion of a particle from the surface. 10-12 The particles may then be swept away in a flow of gas. It is these studies 
that suggest that the optical properties of the silica microspheres differ from those of bulk silica. In particular, the optical 
absorption appears to be higher than expected. The surface of the microspheres can be examined by electron microscopy 
and the surface roughness of top “caplets” of the microspheres can be measured by optical surface profilometry.13 The 
microspheres are not smooth and thus there is an expectation of increased scattering compared to perfect glass. To date 
there has been a lack of techniques suitable for the study and measurement of the internal homogeneity of such glass 
microspheres. This may also have some relevance to other applications of the smaller silica microspheres. Such 
applications include as a silica-based packing for liquid chromatography14, chemical mechanical polishing (CMP)  
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agents15, and a variety of fillers for coatings.15 The density, and therefore refractive index, of these smaller silica 
microspheres can be significantly lower than that for the bulk glass. 
 
The chalcogenide microspheres, destined for photonics applications, are fabricated using a technique where powdered 
glass drops through a furnace – a “shot tower” approach where the melted glass forms into spheres by surface tension 
which solidify as they drop into a cold zone.16-18 We have completed studies of laser removal of these large microspheres 
from a silica surface as a test of laser cleaning of more massive particles. Also, the relative efficiency of laser removal of 
microspheres and shards of chalcogenide glass was invetsigated.19 
 
1.2 Focused ion beam milling combined with secondary electron and ion imaging to characterize micro-optics 

We have researched a methodology that uses focused ion beam milling (FIB), combined with secondary ion (SI) and 
secondary electron (SE) imaging, to characterize the glass homogeneity of silica and chalcogenide microspheres.20-24 The 
technique is very well suited to characterizing  micro-optics with sizes of a few microns and it is described in more detail 
in ref [23]. Critical appraisal of artifacts, such as striations due to the ion beam milling, is also described.23 Such artifacts 
are readily differentiated from features that are attributable to inhomogeneity in the glass. When applied to silica 
microspheres in the few micron size range, such as those commonly used to make synthetic opals, internal voids and 
inhomogeneities in the glass are commonly found. These are most often located in the central material of the silica 
microspheres and can be missed if the FIB milling slice thickness is too large. Slices of thickness ~0.2 µm -0.3 µm have 
been used successfully to show voids in more than one slice in a complete FIB milling sequence through few micron 
diameter microspheres.20,21,23  

Careful comparison of SI and SE images collected for each FIB milled surface in a sequence through a microsphere 
demonstrates that collecting both of these images is beneficial for accurate assignment of materials and for highlighting 
different features.22 The SI images are best for identifying inhomogeneity and voids in the images as-recorded. Once an 
inhomogeneity is identified in the SI image it can be made visible in the SE image by image processing using a package 
such as ImageJ.25 Steps with sharp edges show more contrast and higher resolution in SE images than in SI images.23 The 
contrast between glass, and the metals and mountings used in sample preparation, is greater in the SE images than the SI 
images so the SE image allows the footprint of the optical material within the image of the sample to be accurately 
determined by comparative registration.  

An initial demonstration of the FIB-based technique on larger chalcogenide glass spheres has been reported.23 In that 
study no platinum was used in the sample preparation because of the prohibitively large amount that would be required 
to successful mittigate contrast loss due to charging of the dielectric samples and to provide a polished FIB processed 
surface. Subsequently an improved sample preparation technique which allows the glass near the surface of large 
(several tens of microns in diameter) chalcogenide microspheres to be characterized has been developed.24 The 
microspheres used were Ga2S3/La2S3, in a 70/30 weight percent ternary (GLS). The FIB milling of small areas near the 
surface of these microspheres showed significant corrosion of the glass had occurred in the period of approximately two 
years during which the sample had been stored in a gelatin capsule. Thus, the results showed that micro-optics made 
from various chalcogenide glasses (GLS studied here-in) may have a layer of modified glass at the surface which most 
likely develops due to an aging process, when kept in air. The result found for an aged GLS microsphere is reproduced in 
fig. 1. It shows two sequential FIB milled surfaces recorded in both SI (fig.1 (a) & (c)) and SE ((b) & (d)) imaging 
modes.  The SI images show that the aged glass has a porous surface layer (marked (i) in fig. 1) below which an altered 
layer of ~0.1 µm thickness (marked (ii), in the SI images) appears as the corrosion front. Below this the glass appears in 
what is taken to be the original state, as fabricated. Note that the altered layer marked as (ii) in fig. 1(a) & (c) is not seen 
in the SE images as-recorded but can be made visible in the SE images by image processing.24 All the features noted can 
be shown at higher contrast after image processing.24 This rapid aging of the chalcogenide glass microspheres was an 
unexpected result, which is discussed in some detail in ref [24]. Secondary ion mass spectroscopy carried out on the 
surface of an aged microsphere shows oxides of gallium and lanthanum in the porous layer. Thus, the corrosion is most 
likely to be an oxidation process. But further study is required, starting with newly fabricated microspheres and exposing 
them to known and controlled environments for known lengths of time, to achieve a controlled sample set for study. X-
ray diffraction measurements show no evidence of any crystallization having occurred in the samples studied to date.24 
Crystallization has been observed during the aging of micro-sized glass, accelerated compared to glass in the boule, for 
selenide glasses.26 There has been reluctance among some readers to accept that an unexpectedly rapid corrosion of the 
chalcogenide microspheres has occurred when stored in air, in a gelatin capsule, for such a short time; approximately two 
years. Here-in we report more of the imaging results of the GLS chalcogenide microspheres collected at different times 

Proc. of SPIE Vol. 8428  84280U-2

Downloaded from SPIE Digital Library on 27 Jun 2012 to 137.111.13.200. Terms of Use:  http://spiedl.org/terms



 
 

 
 

in the two year period to provide further evidence of the corrosion. Also, we re-analyze earlier FIB processing of the 
GLS microspheres undertaken without the use of platinum in the sample preparation to show that the altered layer at the 
surface was also evident there. 

 
Fig. 1: Two, sequential top slices of the GLS chalcogenide microsphere, for both secondary ion (SI) imaging (a), (c); 

and secondary electron (SE) imaging (b), (d); as-recorded at 20,000x magnification. A porous outer layer is clearly 
observed in all the images, (i); and the altered, separating layer, (ii), is visible in the SI images only, as-recorded. 
Scale bars 2 μm. Figure reproduced with permission from Figure 3, “Corrosion at the Surface of Chalcogenide 
Glass Microspheres”, accepted for publication Journal of Optics, IOP Publishing Ltd. 

2. EXPERIMENT 
2.1 FIB Instrument  
The system used was a FEI FIB200 (FEI, Eindhoven, The Netherlands).  The system is fitted with a high brightness Ga+ 
liquid metal ion source (LMIS) on a double lens column and an electron multiplier detector which is orientated at 45o 
with respect to the sample normal. The secondary ion detector system can select and detect either negatively charged 
particles (secondary electrons and secondary negative ions) or secondary positive ions emitted from the sample due to 
the impact of energetic gallium ions with the surface.  The gallium ion beam current and scanning raster can be tailored 
to allow high sputtering rates at current densities of ~10 A cm-2. In this study an ion beam current of between ~100 pA 
and ~1.0 nA with an energy of 30 keV was used for milling cross-sections of the microspheres.  A slice of 0.5-5 μm  
thickness was typically removed in a single milling and imaging cycle.  Secondary ion (SI) imaging and secondary 
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electron (SE) imaging were carried out with an ion beam current usually in the range of 30 - 50 pA, but up to 115 pA.  
The sample was imaged after milling, both in the same orientation as the milling geometry, and with the sample rotated 
in order to image the FIB milled surface of the microsphere.  This was a rotation of 90O to show the near circular cross-
section of the microspheres. This sequence of milling and imaging typically took five minutes per slice for the micron 
scale processing areas but it took up to sixty minutes per slice for the larger chalcogenide microspheres.  The beam spot 
sizes stored in the FIB instrument and used by the digital scan generator for currents of 30, 50 and 100 pA are 13, 15 and 
20 nm, respectively. The actual measurements made for the particular FIB instrument used27 in practice were spot sizes 
of 102, 110 and 140 nm for 30, 50 and 100 pA, respectively, leading to beam current densities of 0.37, 0.52 and 0.65 
A/cm2. 
   
2.1 Materials and sample preparation 

The microspheres used were Ga2S3/La2S3, in a 70/30 weight percent ternary (GLS) fabricated as described in ref [16]. 
They are commercially available.18 The microspheres are usually stored under a solvent such as isopropyl alcohol. The 
microspheres used here have been stored in a gelatin capsule, without solvent cover, for about two years. They have been 
kept at normal laboratory conditions of about twenty degrees Celsius and relative humidity of about 50%. The 
chalcogenide glass microspheres were mounted using superglue on the cut side of a TEM grid.   

In the first sample preparation method no metal coatings have been applied to the chalcogenide sphere. Pt was not used 
because of the difficulty of depositing an even layer around such a large microsphere. Larger ion beam currents were 
used (~0.3 - 1 nA) in order to remove a larger volume of material per slice.  Only the SI images were recorded because 
this best avoids the charging problem and the SI yield is adequate when using a higher current.  

In the second approach to sample preparation24 great care has been taken to ensure that no real or apparent changes, at or 
near the surface, have been introduced by the sample processing. Minimal superglue is used so that samples without 
superglue on the top caplet are achieved. A magnetron-based coater is used to gold coat the sample. A grain size of 1 to 2 
nm is achieved, with a thickness of 20 to 40 nm. Just prior to FIB milling a strip of platinum (~20 μm x 2 μm and ~0.5 
μm thick) was formed on the microsphere surface by ion induced vapor deposition. A trench was FIB milled in the 
chalcogenide sphere, next to the Pt strip and further Pt strips were deposited to line along one side and close to the top of 
the trench.24 The microsphere surface was top-sliced close to these Pt strips. A function of the Pt is to drain charge from 
the milled cross-sections, and thus avoid reduced contrast, in the SE images in particular, due to charging.  The Pt layer 
also has a function in improving the quality of the milled section surface and preventing ion damage to the surface region 
just immediately beneath the Pt23. This procedure allowed high resolution imaging of thin (~0.5 μm thick), top slices of 
the ~70 μm diameter chalcogenide microsphere to be generated. This approach minimized the amount of platinum used 
and the time taken to deposit it on these large microspheres. The FIB milled sample is rotated normal to the orientation 
for FIB milling, for imaging and the resulting high resolution images of the FIB milled surfaces are shown in fig. 1. 
Hereafter we present results from both of these sample preparation techniques that provide further evidence that a rapid 
corrosion process has been progressing for the GLS microspheres stored in air. 

3. RESULTS & DISCUSSION 
Images of a small number of GLS microspheres from the same sample have been collected at three different times. The 
first images are SE images that were made on 29 October 2008 (fig.2). The microspheres had been stored in isopropyl 
alcohol prior to this date. SE and SI images from 15 January 2010 are shown in fig. 3, and SE images at 2000x and 
10000x magnification from 2 July 2010 in fig. 4. The microspheres are of similar size and a similar scale is used in the 
images so that the surface finish can be compared between the images. It is evident that the surface finish in January and 
July 2010 is significantly rougher than that observed in October 2008. Quantitative measurement of the surface 
roughness using a Zygo optical surface profiler gave a root-mean-square value of 0.34 μm. The roughening that has 
occurred to the surface over time is consistent with the observed morphology of the porous outer layer shown in fig. 1.. 
The images in figs 3 and 4 show only the surface. But the surface features, with size scales in the 0.1- 5 µm  range and 
with an average size of ~1 µm (right, fig.4), are consistent with the modified outer most layer in the FIB slices shown in 
fig. 1, where the layers are sectioned obliquely. Thus, these two measurements combined show a roughened outer 
surface that is associated with a modification of an outer skin with a width, after correction for the oblique cuts in the 
images of fig.1, of ~1 µm  
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Figure 2. SE images of three GLS microspheres with diameters between 70 and 120 microns (29 Oct. 2008). Also shown are 

some shards of GLS glass and a background of a cut TEM stub. One of the larger GLS microspheres has 4 smaller 
spheres incorporated into it from the original fabrication. Note the surface finish of the larger microspheres which is 
smoother than older microspheres imaged below. 
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Figure 3. SE (left) and SI (right) images of a single GLS microsphere with diameter ~70 microns (15 January 2010). Note 

the surface finish is significantly roughened cf that in fig.2. 

  
Figure 4. SE images. Left: two GLS microsphere with diameter ~80-100 microns (2 July 2010), 2000 x magnification. 

Right: 10000 x magnification image of region bounded in black in the left image. Care has been taken to avoid 
superglue covering the top caplet of the microspheres. A 10-20 nm thick fine-grained (1-2 nm) gold film coats the 
sample. Figure reproduced with permission from Figure 2(b) and (c), “Corrosion at the Surface of Chalcogenide Glass 
Microspheres”, accepted for publication Journal of Optics, IOP Publishing Ltd. 

SE imaging of a third GLS microsphere is shown in fig.5. The microsphere has been in air for ~21months, the same as 
the microspheres in fig. 4 (2 July 2010). This image suggests that the outer modified layer has been partially delaminated 
and removed during handling to prepare the sample. This result suggests that a relatively gentle mill polishing or 
washing process may be sufficient to remove the outer modified layer. Thus, though the corrosion process is a limitation 
for the application of the GLS microspheres when used in air, it may be possible to recover acceptable optical surface 
finish by removing the corroded layer. Alternately, it may be necessary to use the micro-optics in an inert atmosphere.   

The FIB milling and imaging technique used to generate the results shown in fig.1 is very technically demanding and 
time intensive. It would be preferable to be able to monitor the transition from as-fabricated glass, to the surface at which 
corrosion is active, to the corroded layer in the FIB milled surfaces (fig. 1) using a much simpler sample preparation 
method. To this end we have re-evaluated the possibility of FIB milling combined with positive SI imaging of GLS 
microspheres without using any metal coatings at all.23 In this case higher imaging currents need to be used to generate a 
sufficient flux of secondary ions to achieve contrast in the resulting images. This reduces the achievable resolution and 
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increases the likelihood of artifacts being introduced by the ion beam processing. Nevertheless, a sequence of positive SI 
images; shown in fig.6, for a GLS microsphere imaged as mounted for FIB milling (left column), and rotated by 90O to 
image the FIB milled surface (right column); does show the milled surface in the as-recorded images. It was necessary to 
use a FIB current of about 300 pA to achieve the minimal contrast of the two milled surfaces shown in the as-recorded 
images. Once some contrast is achieved in the as-recorded images this can be enhanced by image processing. Such 
enhancement is shown for the two FIB milled surfaces in fig. 7. The transition from the corroded outer layer to the as-
fabricated glass is measurable in the image when a layer is obliquely milled as occurs when milling the first 1-2 microns 
of the microsphere (fig. 7(a)). Knowing, from fig. 7(a) that the contrast between the milled surface and the outer surface 
shown in figure 7(b) is that of the as-fabricated glass and the outer corroded layer this can be used to identify the 
presence of the corrosion in fig. 7(b). The layer thickness can not be measured accurately from this image, however. The 
~0.1 µm  corrosion front observed in the higher resolution study (fig.1) is not seen in fig. 7(a). The resolution and 
contrast is insufficient to make this observation. Nevertheless, the images in fig. 6 and 7 do indicate that careful FIB 
milling at the very surface of GLS microspheres without any metal coatings can be used to identify the corrosion layer 
and to estimate its width using spherical geometry. 

 
Figure 5. A microsphere as imaged 2 July 2010 which shows the possible delamination and removal of the 

modified, corroded layer from a section of the surface of the microsphere. This suggest the possibility 
that a smooth glass finish of the GLS microspheres may be recovered by a relatively gentle, mill 
polishing or washing process.   

The observation of the surface corrosion in the GLS chalcogenide microspheres has dominated our study of  
these micro-optics. The question of whether the GLS chalcogenide glass in the “bulk” of the microsphere is 
homogeneous is still open. The results shown in fig. 1 show a homogeneous interior to the glass. The striations 
which appear are an artifact of the FIB milling.23, 24 Similarly, the lower resolution FIB milling study of the 
uncoated GLS microspheres as shown in figs 6 and 7 indicates the glass is homogeneous to the micron 
resolution of the images. Again, striations that are observed are an artifact of the FIB milling process. However, 
we do have one observation that indicates that the glass of these microspheres, as-fabricated using the furnace 
and “shot drop” technique may not always be homogeneous. Images of areas that have been FIB milled on a 
GLS “microsphere” with a somewhat flattened surface are shown in fig. 8. Secondary ion mass spectrometry 
(SIMS) was carried out on the FIB milling products from the volume removed. SIMS showed oxides of gallium 
and lanthanum occurred in the material closest to the surface. The microsphere is prepared for high resolution 
study as per those shown in figs. 1, 4 & 5. Figure 8(a) shows that FIB milling and removal of the outer layer 
eventually results in a homogeneous polished surface (base of the inner rectangle). In contrast; when milling the 
area adjacent, and to the left; a series of larger voids is uncovered at a depth of ~3 microns. It is possible these 
voids are still associated with the corrosion process and that this observation shows that the corrosion may go to 
a greater depth in some localized areas of the surface of the micro-optic. But, it is also possible that these are 
voids in the as-fabricated microsphere, and so further research to characterize the homogeneity of the 
chalcogenide glass through the microspheres is warranted.  
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Figure 6. Positive SI images of a GLS microsphere with no metal coatings, diameter ~ 60 .µm. Top row - prior to FIB 

milling. Middle row – less than 1 µm has been FIB milled from the top surface. Bottom row - ~3 µm FIB milled.   The 
left column shows the orientation for FIB milling. The microsphere has been rotated 90O to image the milled surface in 
the right column.  
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Figure 7. Brightness and contrast enhanced images for the FIB milled surfaces from fig.6. Clear contrast is 

obtained between the corroded glass and as-fabricated glass in both images. In the top image this also 
gives clear differentiation of the “corroded” layer from the as-fabricated glass. The vertical lines 
crossing the corroded layer in this image result from FIB milling using an ion beam current of ~ 1 nA.   
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Figure 8. FIB milled GLS microsphere on a relatively flat area. The outer rectangles are of order 20 µm  in 

width and the smaller rectangles are of order 15 µm in height. The outer rectangle is about 1.5  µm 
deep and the inner one ~3  µm deep. By comparing (a) and (b) the appearance of the surface corrosion 
pre FIB milling for the leftmost area can be correlated with the FIB milled surface. There is a partial 
overlap between the voids in the base of the leftmost trench and the larger patch of corroded glass 
before processing.  

 

4. CONCLUSIONS AND FUTURE WORK 
An unexpected observation of a rapid corrosion, most likely an oxidation process, at the surface of GLS microspheres in 
air has been made using FIB milling, combined with SI and SE imaging. Additionally, deeper voids have been found 
which may or may not be associated with the corrosion process. This is one example of the characterization of a micro-
optic that is possible with the FIB technique. The technique is generally applicable to micro-optics and gives qualitative 
information on homogeneity, voids and aging. The FIB characterization of GLS chalcogenide microspheres at high 
(<100 nm) and low (>micron) spatial resolution have been correlated. This indicates that limited high resolution studies 
can be combined with comprehensive lower resolution study to provide a complete characterization of surface corrosion. 
This gives a substantial saving in time and cost for the comprehensive characterization, rather than having to undertake 
all of the characterization at high resolution. The main limitation in studies to date has been the largely uncontrolled 
storage and handling provenance of the GLS chalcogenide glass samples. This needs to be remedied in future research. 

Future research should start with a sample of newly fabricated GLS microspheres. These need to be characterized for 
surface finish and their near surface optical quality. The latter can be done by measuring the Q of the microspheres 
excited as a whispering gallery mode (WGM) cavity.16 The sample then needs to be divided into sub samples and stored 
under a suitable range of controlled conditions – some kept in solvents, some in air, some in an inert gas. The storage 
provenance of each sample needs to be known. Characterization of this set of samples need to be carried out at 
appropriate time intervals – every 3-6 months. Completing electron microscopy, analytical electron microscopy, FIB 
milling and SI & SE imaging, measuring the Q of the microspheres excited as a WGM cavity, Raman spectroscopy, 
SIMS and nano-SIMS, and X-ray diffraction would provide a very complete data set from which to determine the time 
dependence of the corrosion process, the mechanism, and whether it can be avoided in an inert gaseous environment. 
Comparison with other chalcogenide glasses would also be of interest, as is determining whether the same corrosion 
process is observed for bulk samples of the glass. The suggestion that the corroded layer may be relatively easily 
separated and removed from the GLS microspheres needs to be tested on a sample of a large number of corroded 
microspheres via processes such as polishing and/or washing. If successful removal is achieved FIB milling combined 
with appropriate microscopy will show whether the “polished” microspheres still show evidence of the ~0.1 micron thick 
altered layer that appears as a complete surface at which the corrosion process is active. Study to determine how quickly 
this altered layer occurs can be carried out separately using SIMS, nano-SIMS and other elemental analysis techniques.  

More generally, it remains for further study on glass samples with known compositional, density, and topological 
variation to determine whether the FIB/SI and SE imaging technique may be developed as a quantitative measure of such 
variations, either alone, or in combination with other measurements. Other advanced electron microscopy techniques can 
also be used in such studies. 
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