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Abstract

High purity alumina sample has been characterized via terahertz reconstructive lattice imaging
technique. The camera-less technique uses a nanoscanner to create a digital three-dimensional
representation of the sample via modified Beer-Lambert’s law, where, the reflected terahertz intensity
is captured as a function of real coordinates on the sample of nanometer step size. This non-contact
technique replaces the focusing lens and the focal plane array (e.g. a CCD) of a traditional camera which is
limited by the Abbe diffraction limit. It was found that over a bigger area/volume, the generated images
exhibit the amorphous nature of the alumina sample. However, when zoomed to a cubic micron volume,
the nanograins are visible. The nanograins are more clarified in both the two-dimensional and three-
dimensional images upon further zooming, from which lattice parameters were quantified. Though the
sample is comprised of nanograins, all grains are different in size and orientations, compared to each
other. As such, while alumina is an amorphous material, it is composed of different kind of nanograins as
revealed herein. A single nanograin was measured to be ~5.5nm. The lattice patterns within a nanograin
are not identical either; indicating non-uniformity of lattice within a nanograin. In addition, nanovoids
are also observed via layer-by-layer analysis. Two nanovoids were measured to be 2.78nm and 0.72nm,
respectively. The technique is universal and may be applied to any material.

Introduction

High purity alumina bioceramics may serve as an alternative to surgical metal alloys
for total hip prosthesis and tooth implants. The high hardness, low friction coefficient and
excellent corrosion resistance of alumina offers a very low wear rate at the articulating
surfaces in orthopedic applications [1]. Medical grade alumina has a very low concentration
of sintering additives (<0.5 wt.%), very small grain size and a narrow grain size distribution.
Thus, alumina is an inert biomaterial that is also a biodegradable material and well tolerated
by the biological environment in human body. However, implant materials used in orthopedic
surgery have exhibited some disadvantages, such as lack of direct chemical bonding and
modulus mismatch between the implant materials and natural bone. The requirement of
every bone analogue implant material is to mimic the biological and mechanical properties of
the original bone. Current interest in orthopedic implants has come about in response to the
original long-term follow-up studies of joint replacements [2].

In literature, there are information on various methods of synthesizing and characterizing
alumina (Al,0,). Common techniques for characterization include electron microscopes (EM)
such as SEM and TEM, and different spectroscopy [3-6]. While these techniques are effective
and accurate, they are mainly destructive in nature. Nonetheless, the electron microscopy
technique produces a frozen-in-time snapshot of a single surface; not to mention that it
requires tedious and time-consuming sample preparation. Also, SEM/TEM images are often
taken over very small areas to be able to see the details at higher magnification. Such a
narrow area of observation is mandated by the focusing mechanism of the EM technique.
Difficulties in noncontact atomic force microscopy (NCAFM) imaging have so far prevented
high resolution imaging on surfaces of many insulators, most notably MgO and alumina [7].
Trace impurities and additives have long been known to strongly influence the fabrication
and properties of alumina-based ceramics [8]. It is important to be able to inspect the whole
specimen and/or as big an area as possible for the overall morphology of the microstructure/
nanostructure without sacrificing the ability to inspect the minute features on a nano-scale.
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To this end, we are introducing a technique for 3D imaging with
nano-meter resolution in a non-destructive mode, without limiting
the sample size.

This terahertz multispectral reconstructive imaging technique
[9] has virtually no sample preparation. Requirements of polishing
the samples to electron transparency and of high vacuum have been
eliminated. Details of the technique has been described elsewhere
[9-11]. We have shown elsewhere [11] that breaking the Abbe
diffraction limit (ADL) is a required condition but not sufficient for
achieving nanometer resolution with terahertz waves where the
wavelengths range from ~9 pm up to ~3000 um. As described in
[11], the reconstructive imaging technique utilizes a nano-scanner
in conjunction with a modified Beer Lambert law to create a 3D
data matrix of the sample under test (SUT). Thus, compared to a
charge coupled device (CCD) based imaging camera, where a lens is
used for focusing an object’s image on the CCD, the reconstructive
imaging utilizes a nanoscanner for digitizing an object’s terahertz
response in terms of the reflected intensity of the entire volume
[11]. That is, the scanning sequence scans a surface line by line
where the scanning pitch is chosen by the user within the limits of
the positioning stages used by the nanoscanner. A volume is divided
into a number surfaces and scanning is repeated for all surfaces
in sequence to reconstruct the volume. An algorithm called the
“inverse distance to power equation,” [12,13] is used to create a 3D
lattice from the measured data. Finally, a suitable color rendering of
the lattice is used for producing the image.

Experimental Methods and Material

The setup used for the current investigation is able to define
a step size of ~24.83 nm for the highest resolution and >1 mm for
the lowest resolution. The above-mentioned algorithm interpolates
and reproduces features with a resolution of <1 nm. As we have
reported recently [11], achieving an image resolution of ~1 nm
using terahertz radiation requires overcoming the Abbe diffraction
limit and a stratagem for high resolution image generation [14]. A
piece of polished alumina plate (Figure 1) was used for the current
investigation. Approximately, 4x2x3 pm? volume was scanned at
the highest resolution. The images and their analyses are presented
in Figures 2-8.
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Figure 1: A piece of alumina plate used for the
present study.

Results and Discussion

Figure 2: Three-dimensional (3-D)
alumina.

images of

(@) over bigger area of 4x2x3 um3 it looks totally
amorphous.

(b) Zoomed over 1 cubic micron volume; some
structures are visible.

Figure 2 exhibits three-dimensional (3-D) images of alumina;
2 (a) is an image over a bigger volume of 4x2x3 pum?3. From this
wider image, the sample looks totally amorphous. When zoomed
closer to 1 cubic micron volume; (see 2 (b)), some structures are
visible. The structures are quantified via lattice scale zooming,
as explained below. Figure 3 displays high resolution images of
50 cubic nanometer volume; 3D views from 4 different angles
are shown. Here, nanograins are visible. This is more clarified in
the two-dimensional (2-D) images exhibited in Figure 4 for three
different slices (each 50 nm x 50 nm), extracted from Figure 3.
Although the nanograins are clearly visible; however, all grains
are different than each other. As such alumina is an amorphous
material. In contrast, for example, metallic lattice is expected to
be continuous [15, 16] while semiconductor lattice may have
stacking fault and dislocations [16]. Figure 5 display another slice
of 50 nm x 50 nm image, where, nanovoids are visible at the lower
left corner. Two nanovoids are quantified in Figure 6 along the
horizontal direction. The nanovoid marked ‘A’ (Figure 6 (a)) has a
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dimension of ~2.78 nm, while the one marked ‘B’ (Figure 6 (b)) has
awidth of 0.72 nm. Both of these nanovoids are of irregular shapes;
therefore, the dimensions are different in the vertical direction (not
shown). Figure 7 exhibit a different slice of 50 nm x 50 nm image;
here the nanograins are clearly visible. It is seen that all nanograins
are of different size and different crystalline orientation; none are
identical. For example, a nanograin at the cursor (yellow line, see
arrow marked A) has a measured dimension of ~5.5 nm. The lattice
spacings of this particular grain are not uniform either, as shown in

Figure 8. The same is true for all other nanograins. An observation
here is that within some grains, dislocations are clearly visible;
see for example, arrow marked B in Figure 7. Figure 9 exhibits an
example of layer-by-layer analysis over 1 pm x 1 um area. Figure 9
(a) shows three non-adjacent image slices on the XY plane, some
differences in the slices are notable. Figure 9 (b) exhibits three non-
adjacent image slices on the XZ plane. Position of all slices are as

indicated by the respective axes.

Figure 4: Three different surface images (50 nm x 50 nm) extracted from Figure 2. Nanograins of different
orientations and sizes are visible. Each nanograin exhibits its own structure.
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Figure 5: Two nanovoids seen (marked A & B).
There dimensions are shown below.
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Figure 6: Quantification of the nanovoids of Figure
4. Void A is ~2.78 nm and void B is ~0.72 nm.

Figure 7: Nanostructure of single side from
Figure 2 is used for grain size quantification.
The nanograin at the cursor (see arrow A) has a
measured dimension of ~5.5 nm. Within some
grains, dislocations are clearly visible; see for
example, the grain indicated by arrow B.
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Figure 8: Quantification of a nanograin’s lattice
size. The lattice spacings within the nanograin are
not uniform.

Figure 9: An example of layer-by-layer analysis
over lumx1lum area.

(a) three non-adjacent image slices on the XY plane,

(b) three non-adjacent image slices on the XZ plane.
Position of the slices are as indicated by the axes

Conclusion

An alumina sample has been characterized by means of
terahertz reconstructive lattice imaging technique. The camera-less
technique uses a nanoscanner to create a digital representation of
the sample via modified Beer-Lambert’s law, where the reflected
terahertz intensity is captured as a function of actual position on
the sample. Thus, this non-contact technique replaces the focusing
lens and the focal plane array (e.g. a CCD) of a traditional camera
imaging, which is limited by the Abbe diffraction limit, by a smart
nanoscanner and computer algorithm for high resolution image
generation with bigger wavelengths. For the alumina sample of
the present study, it was found that over a bigger area/volume, the
images exhibit the amorphous nature of the sample. However, when
zoomed to a higher resolution, nanograins of different shapes and
sizes become visible. Therefore, while alumina is an amorphous
material, it is composed of different kind of nanograins as revealed
herein. Some nanograin’s measured to be ~5.5 nm; others are
bigger but there are also grains smaller than 5 nm. The lattice
patterns within a nanograin are not uniform; thus, indicating the
presence of lattice planes’ contraction and dilation within a single
nanograin. Additionally, nanovoids are also observed via layer-
by-layer analysis. Two nanovoids were measured to be 2.78 nm
and 0.72 nm, respectively. The technique is universal and may be
applied to any materials.
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