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A full field transmission x-ray microscope (TXM) has been developed and commissioned at the

National Synchrotron Light Source at Brookhaven National Laboratory. The capabilities we

developed in auto-tomography, local tomography, and spectroscopic imaging that overcome many

of the limitations and difficulties in existing transmission x-ray microscopes are described and

experimentally demonstrated. Sub-50 nm resolution in 3-dimension (3D) with markerless

automated tomography has been achieved. These capabilities open up scientific opportunities in

many research fields. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3701579]

Structural information at nanometer scales plays an

increasingly important role in the research and development

across many disciplines of science and engineering today,

including energy storage, nanoporous materials functions,

microelectronics, as well as heterogeneous systems in envi-

ronmental and biological sciences. In all these fields, a criti-

cal research need is the ability to quantitatively image

complex structural evolution nondestructively in 3D at nano-

meter scale and under in-situ conditions so that such struc-

tural information can be easily correlated to the materials or

device functions. In recent years, full-field hard x-ray trans-

mission microscopy has rapidly emerged as a powerful tool

to satisfy this research need.

Despite many successful researches1–6 using hard x-ray

transmission x-ray microscope (TXM), existing nano-

tomography TXM systems have several difficulties in 3D to-

mography reconstructions that may limit their wide-spread

applications. The difficulties arise mainly from the need to

manually align the projection images at different viewing

angles by the use of sharp internal features in the specimen

or by the introduction of fiducial external markers. This

generally limits the type of samples that one can study, espe-

cially when observations of local regions of interest (so-

called local tomography) are desired. This also often limits

the number of images collected because of the need for man-

ual alignment of 2D projections, which considerably affects

3D structure resolution. Another difficulty for spectroscopic

imaging is that the images collected at several x-ray energies

around one or more atomic absorption edges have to be

resampled to match their pixel sizes to each other, making it

difficult to obtain high-fidelity structural information such as

object shape and curvature without sacrificing spatial

resolution.

In this paper, we present the experimental test results of

a TXM that has been designed and implemented to overcome

the limitations discussed above. These results demonstrate

many advanced capabilities such as automated and local to-

mography at sub-50 nm resolution in 3D and constant-

magnification spectral microscopy.

Automated markerless nano-tomography using TXM is

a much-desired imaging technique for many applications.

Due to the difficulties in keeping the rotation center stable in

nano-tomographic imaging, one usually has to mount a fidu-

cial marker on a sample as a reference to align each 2D pro-

jection to reconstruct 3D structure, typically in the form of

gold spheres. However, there are a few restrictions for add-

ing the reference. First, it is challenging to mount a single

marker on a micron-scale sample. Second, it is not applicable

for interior tomography which gives 3D structure of interest-

ing regions internal to the sample. Third, the marker might

introduce artifacts such as streaking to the reconstructed

image due to residual alignment errors or non-linear effects

of the high-density gold material. Auto-alignment based on

software tracking of fiducials is being used extensively to

achieve automated tomography in soft x-ray microscopy and

electron microscopy.7 However, this automated alignment

by computer algorithms requires features in the sample with

strong contrast or a fiducial marker. In order to accomplish

markerless automated tomography, a key requirement is the

precision alignment and stability of the rotation axis during

tomographic data collection. At present, the best achieve-

ment of the precision of the rotation stage from commercial

TXM is about one micron wobble at the sample position. It

is critical to develop a system to correct the wobble gener-

ated during rotation to lead to an automated 3D tomography.

Air-bearing rotation stages have been used to reduce the

rotation wobble to obtain sub-micron 3D spatial resolution.8

In contrast, the TXM, operated on X8C beamline at National

Synchrotron Light Source (NSLS), employs a passive rota-

tional run-out correction system9 which is based on an active

feedback run-out correction system described earlier.10 This

system consists of a precision cylinder mounted on a low

run-out ball bearing rotation stage and three integrated

capacitive sensors as shown in Figure 1(a) to measure the re-

sidual run-out of the rotation axis as a function of rotation
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angle. These measured sensor readings are calibrated

through multiple sets of tomography data from a standard

gold ball with a known 3 lm diameter. Then, a program9

reads the calibrated measurements with an algorithm to

obtain the run-out corrections Dx (h) and Dy (h) at each rota-

tion angle as a function of the measured displacements of the

capacitive sensors. When taking a tomography data for a

sample, these run-out corrections are automatically applied

to produce a transparent mode of usage that emulates a per-

fect system without any rotational run-out. Without any need

for user interaction, each collected 2D projection is auto-

matically aligned for 3D reconstruction to fulfill automated

3D tomography.

We demonstrate the automated nano-tomography capa-

bility by two examples. Figure 1(b) shows a zoomed-in ren-

dering of a 3D reconstruction of a standard Siemens star

pattern (Xradia X30-30-2) with 30 nm finest feature size

acquired with the automated tomography. The Siemens star

pattern is made of gold with thickness around 180 nm on a

silicon nitride membrane. Because the Si support frame of

the silicon nitride window blocks the beam at higher angles,

the maximum angle range is limited to þ/�60�. Throughout

this range, we collected 961 images with 0.125� step size by

taking advantage of the automated tomography. The inner

most spokes with 30 nm feature size are clearly separated in

Figure 1(b). It is in agreement with theoretical resolution

limit set by the angular step size in tomographic data collec-

tion. Due to the restricted angular range, limited angle arti-

facts are still visible in the reconstructed 3D volume (not

shown in Figure1(b)). Further quantitative study of 3D spa-

tial resolution with a proper sample holding frame to mini-

mize the artifacts is in progress.

The automated 3D tomography was applied to a sintered

LiCoO2 electrode of Li-ion battery with feature size less

than 100 nm. These porous ceramic electrodes are mono-

lithic, free of the binders, and conductive additives present in

conventional Li-ion batteries.11 Since their power perform-

ance is uniquely dictated by the connectivity of pores and

particles, it is critical to understand such electrode structures

in 3D at a nanometer scale.

The LiCoO2 electrode was prepared by high-speed mill-

ing of a commercially available LiCoO2 powder for size

reduction, uniaxially pressing the powder into a pellet and

sintering the pellet under air at high temperature. The sample

for the TXM experiment was milled out from the pellet by

focused ion beam (FIB) to a cylindrical shape with a 30 lm

diameter at the Center for Functional Nanomaterials at Broo-

khaven National Laboratory (BNL). It was mounted on a

tungsten pin for the TXM experiment using a standard lift-

out procedure in the FIB. Figure 2(a) is a 2D projection

image of the LiCoO2 with 40 lm field of view (FOV) at

8 keV. Tomographic data were collected on a 20 lm region

of the sample shown in Figure 2(a) by the red dashed line. A

total of 1441 images were collected over an angular range of

180�. Without mounting any marker on the sample to align

each 2D projection, Figure 2(b) shows the 3D reconstruction

structure (cut-view) by applying the automated run-out cor-

rection on each image. In order to better show the result by

the automated tomography, a part of a reconstructed slice

marked by the yellow line in Figure 2(a) is shown in Figure

2(c). Fine features associated with LiCoO2 particles and

pores are clearly visible in the cross section from the auto-

mated 3D reconstruction with a visible small feature size

around 50 nm.

This unique capability of automated markerless tomog-

raphy allows maximizing the number of images to be col-

lected for tomography to achieve the best resolution for the

3D structure, which is significantly advantageous over a

TXM system without such run-out correction, where a 3D

structure resolution is considerably affected by limited num-

ber of images collected for manual alignment.

With the feature having motorized and encoded sample

translation stages above the sample rotation stage, any part

of a sample can be easily brought to the center of the rotation

FIG. 1. (a) A schematic showing the run-out correction system which con-

sists of a precision metrology cylinder mounted on a low run-out ball bear-

ing rotation stage and three integrated capacitive sensors to measure the

residual run-out of the rotation axis as a function of rotation angle. (b) A

zoom-in rendering of a 3D reconstruction of a standard Siemens star pattern

with 30 nm finest feature size using automated tomography.

FIG. 2. (a) A 2D projection image of the LiCoO2 elec-

trode with 40 lm field of view taken at 8 keV. (b) A

rendering of the 3D structure of a local region (20 lm)

marked by the red dashed line in (a). (c) A part of a

reconstructed slice marked by the yellow line in (a)

showing a visible small feature size around 50 nm.
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axis for tomographic imaging. Combined with the automated

markerless tomography capability, this improvement practi-

cally enables applications of local nano-tomography. A

region of interest on the sample can be identified after

reviewing 2D mosaic images at both zero and 90� and trans-

lated to the center of the rotation axis to collect tomographic

data. The sample can be any shape and bigger than the FOV

as long as the overall sample has reasonable transmission at

a given x-ray energy. Such local nano-tomography capability

opens up an opportunity to practically apply the TXM to big-

ger samples. Figure 2 illustrates the local tomography capa-

bility on the LiCoO2 electrode sample in addition to the

automated markerless tomography. Figure 2(b) shows the

3D structure of a local region (20 lm) marked by the red

dashed line from a big sample shown in Figure 2(a) without

further sample modification.

Spectroscopic imaging enables elemental and chemical

information to be obtained.12 Differential mapping by chang-

ing x-ray energy below and above one element absorption

edge enhances the contrast of the element and provides quan-

titative 3D elemental distribution of the element.1 Since the

focal length of a Fresnel zone plate (FZP) f is proportional to

the x-ray energy, the image distance (Mþ 1)f, where M is

the magnification factor, needs to be adjustable at different

energies to keep the same magnification on each image col-

lected at various values of energy. Especially, when a sample

has a few elements with absorption edges covering a wide

energy range, the distance change is significant to keep the

same magnification. In order to fully facilitate full field spec-

troscopic imaging without sacrificing spatial resolution, the

detector of the TXM was designed on a long travel motor-

ized stage to maintain constant imaging magnification by

automatically adjusting its position relative to the sample as

a function of x-ray energy. This TXM is the only one to ac-

complish such a requirement to provide the constant magnifi-

cation. Spectroscopic imaging using this capability is

underway and will be published elsewhere.

The 2D spatial resolution of the TXM was investigated

with results shown in Figure 3. The objective lens for the

testing is a double-stacked13 FZP with outmost zone width

of 30 nm, 100 lm diameter, and total 800 nm thick Au on a

silicon nitride membrane. Images of a standard star pattern

with 30 nm finest feature size were taken at 8 keV by absorp-

tion (Figure 3(a)) and Zernike phase contrast (not shown),

respectively. It is clear to distinguish the 30 nm finest feature

in the center from both of the images. Quantified evaluation

of the spatial resolution was studied by the knife-edge inten-

sity profile with edge response 25%-75%,14–16 the full width

at half-maximum (FWHM)17,18 of the differentiated curve

from an edge, and the power spectrum analysis (PSA).19–21

With an average of several measurements of sharp features

of the star pattern in absorption contrast, the 25%–75%

response of the knife-edge intensity profile shown in Figure

3(b) gave 14.2 nm6 1.5 nm linewidth. Converting it to regu-

lar Rayleigh’s resolution, it is 24.1 nm6 2.6 nm by applying

a factor of 1.7.14,15,17 The value of the FWHM of the differ-

entiated edge response in Figure 3(b) is 25.8 nm6 1.2 nm,

which is also viewed as the resolving power. The PSA was

performed on the entire star pattern and integrated azimu-

thally over 2p to evaluate the spatial resolution, as shown in

Figure 3(c) for absorption contrast and Fig. 3(d) for Zernike

contrast. The cutoff frequency is about 19.5 (1/lm) and 21.0

FIG. 3. (a) Siemens Au star pattern with

30 nm finest feature size by absorption

contrast with a insert of an enlarged a

quarter of center. (b) Knife-edge inten-

sity profile from the sharp feature of the

star pattern and Gaussian fit of the dif-

ferentiated edge response. Power spec-

trum density analysis on the star patterns

by absorption contrast (c) and Zernike

phase contrast (d).
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(1/lm), which lead to the spatial resolution of absorption at

25.6 nm and Zernike phase at 23.8 nm. All these results are

consistent with each other.

In summary, a state-of-art TXM with unique capabilities

has been developed and commissioned at NSLS. The capa-

bilities include markerless auto-tomography, local tomogra-

phy, and spectroscopic imaging to fully explore advanced

imaging techniques. 2D spatial resolution down to 25 nm at

hard x-ray for both absorption and Zernike phase contrast

has been achieved. The capabilities have led to hard x-ray to-

mography by TXM with sub-50 nm spatial resolution in 3D.

Initial experimental results illustrate great potential for nano-

meter scale x-ray 3D tomography and will undoubtedly open

up new scientific research opportunities in materials research

as well as in biology and environmental sciences.
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