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High-Resolution Imaging by Fourier Transform
X-ray Holography

lan McNulty,* Janos Kirz, Chris Jacobsen, Erik H. Anderson,
Malcolm R. Howells,t Dieter P. Kern

Fourier transform x-ray holography has been used to image gold test objects with sub-
micrometer structure, resolving features as small as 60 nanometers. The hologram-re-
cording instrument uses coherent 3.4-nanometer radiation from the soft x-ray undulator
beamline X1A at the National Synchrotron Light Source. The specimen to be imaged is
placed near the first-order focal spot produced by a Fresnel zone plate; the other orders,
chiefly the zeroth, illuminate the specimen. The wave scattered by the specimen interferes
with the spherical reference wave from the focal spot, forming a hologram with fringes of
low spatial frequency. The hologram is recorded in digital form by a charge-coupled device
camera, and the specimen image is obtained by numerical reconstruction.

Soft x-ray microscopy offers the means to
image thick, wet, unstained biological ob-
jects at high resolution with less damage
than by electron probes (1, 2). X-ray holo-
graphic microscopy offers good transverse
and limited depth resolution from single
exposures, is able to form both amplitude
and phase-contrast images, and is amenable
to flash exposure with pulsed sources. Fourier
transform holography is especially suited to
high-resolution x-ray imaging with digital
recording and to rapid (minutes or less)
numerical reconstruction of the holograms.
We present experimental evidence thut Fou-
rier transform x-ray holography can operate
near the resolution limit set by the optical
design, which, in our case, is 60 nm.

Baez (3), Stroke (4), and Winthrop and
Worthington (5) developed the conceptual
foundations for x-ray holography and were
among the first to advocate high-resolution
holographic microscopy at x-ray wave-
lengths. Soon afterward, Rogers and Palmer
(6) proposed the use of zone plates as beam
splitters for x-ray holography. Following
these and related theoretical developments,
Aoki et al. (7) and Reuter and Mahr (8)
performed pioneering demonstration exper-
iments; they achieved modest resolution in
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spite of the severe limitations in coherent
power then available. Subsequently, Kon-
dratenko and Skrinsky (9) and Howells and
Kirz (10) suggested that radiation from un-
dulators in electron storage rings provides
the required coherent flux for submicrome-
ter holography and advocated the Fourier
transform geometry with electronic detec-
tors. Solem and co-workers (11-13) exam-
ined the possibilities of flash “snapshot”
holography with x-ray lasers. They estab-
lished requirements for coherence, power,
and pulse length for successful imaging be-
fore the specimen is altered by motion,
radiation damage, or thermal explosion.
The flash approach potentially circumvents
the damage issue and, in the case of the
Fourier transform method, may result in
lower average power levels on the detector.
Haddad et al. (14) proposed flash x-ray
holography with reflective reference scat-
terers, combined with charge-coupled de-
vice (CCD) detection.

Recently, undulator radiation has been
used to demonstrate high-resolution Gabor
x-ray holography (15) both at the National
Synchrotron Light Source (NSLS) (16) and
at Laboratoire d’Utilisation du Rayonne-
ment Electromagnétique (LURE) (17). Bi-
ological specimens have been imaged with
this technique at 56-nm resolution, and
there are indications that the holograms
contain information recorded near the
~20-nm resolution limit imposed by the
photoresist detectors used (16). Using an
x-ray laser to make 200-ps flash exposures,
Trebes et al. (18) recorded Gabor holo-
grams with 5-pm resolution. The attainable
resolution with Gabor holography is ulti-
mately limited to the detector resolution
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Fig. 1. Schematic diagram of the apparatus. A coherent x-ray beam illuminates the zone plate
(shown in profile). The undeviated wave illuminates the specimen, and the focused wave serves as
the reference source. A CCD detector records the interference between the specimen and
reference waves. The x-rays not scattered by the specimen are blocked by the beam stop to

prevent saturation of the CCD.

and readout method. In addition, although
large image fields can be accommodated
with partially coherent sources, the object
field must be reasonably sparse in order not
to corrupt the reference beam.

In Fourier transform holography, the
imaging resolution is limited by the size of
the reference source, the precision with
which the reference wave front is known,
and the angular extent over which the
hologram can be recorded. In principle, the
resolution of holograms recorded with ex-
tended reference sources can be improved
by extended-source compensation (19).
The detector resolution in this geometry
sets the limit on the size of the object field
that can be imaged. We used a Fresnel zone
plate to form the reference wave, a CCD
array to detect the holograms, and a digital
computer to reconstruct them (20, 21).

The X1A undulator beamline at the
NSLS supplies the apparatus (Fig. 1) with
coherent soft x-radiation; the source and
beamline have been described (22). A sili-
con nitride exit window (23) terminates the
beamline vacuum system. The required
temporal coherence is provided by a spher-
ical grating monochromator. Spatial coher-
ence over much of the zone plate area is
provided by the small vertical source size at
the undulator and by the small horizontal
width of the monochromator exit slit. In a
typical operating configuration the resolv-
ing power of the monochromator is 200,
corresponding to a longitudinal coherence
length of A%AN = 0.7 pm. At the zone
plate, the transverse coherence width of the
beam is at least 50 wm. The coherent flux
incident on the zone plate is 5 x 107
photons s~! for an electron beam current of
150 mA in the storage ring.
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The zone plate, from which we derive
both the reference wave and the object
illumination, is mounted in a helium-filled
enclosure just downstream of the beamline
window. It was fabricated by electron beam
lithography under a Center for X-ray Op-
tics—IBM collaborative agreement (24). It
has 450 zones, its diameter is 90 pm, and
the focal length is 1.3 mm at a wavelength
of 3.4 nm. Alternate zones are made of
60-nm-thick gold, and the finest zone is 50
nm wide. In the plane of the first-order
focus, where the specimen is mounted, the
focused flux is 2 X 10° photons s~ !, where-
as the flux incident on the specimen (prin-
cipally the unfocused, zeroth-order beam) is
4 x 10° photons um~% s~!. The focus is a
slightly modified Airy pattern with 60-nm
radius, as verified by scanning a sharp edge
in the focal plane. The angular extent of
the hologram, 90 pm/1.3 mm = 69 mrad,
is determined by the numerical aperture of
the zone plate.

Specimens are aligned in the focal plane
on a precision xyz manipulator. For test
objects we used fine gold patterns (Fig. 2, A
and B) fabricated in the same manner as the
zone plates. The patterns are surrounded by
opaque frames. The focal spot is positioned
near the corner of the frame such that the
reference source is situated about 7 pm
from the structure to be imaged. The align-
ment is verified by examining the transmit-
ted flux distribution with a small pinhole
scanned in front of a proportional counter.
Ideally, this scanned image shows the fully
illuminated specimen in projection as well
as the unobscured reference wave diverging
to a uniform disk. In practice, the unifor-
mity of the disk may not be ideal because of
imperfections in the zone plate and partial
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blockage of the reference wave by the spec-
imen. To record the specimen’s hologram,
we retract the pinhole and proportional
counter and insert a CCD camera with its
entrance window in close proximity (0.5
mm) to the specimen.

A light-tight vacuum enclosure houses
the CCD camera. The x-rays are admitted
into it through an aluminized silicon nitride
window. The CCD detector itself has 23-
pwm-square pixels and an active area of 9 by
13 mm (25). It is set back 16 cm from the
camera window. To sensitize the CCD to
x-rays, a thin (~10 wm) layer of P31
phosphor particles was deposited by sedi-
mentation in a filtered methanol bath on
the bare semiconductor surface. The P31
phosphor emits a green photon for roughly
every 8 eV deposited (26), yielding >40
photons for each 3.4-nm x-ray. We esti-
mate that 20% of these contribute to de-
tectable charge in the CCD. The phosphor
screen also protects the CCD from radia-
tion damage, as it absorbs most of the
x-rays. The CCD is cooled by thermal
contact with a liquid nitrogen reservoir to
reduce the dark current. After an exposure,
data from the CCD are read into computer
memory through a 16-bit analog-to-digital
converter. Hologram exposures typically
last 10 to 30 min.

Most of the x-rays incident on the spec-
imen are not diffracted by it but are either
absorbed in the specimen or transmitted to
form an intense spot at the center of the
hologram. To prevent saturation and non-
linearities resulting from overexposure of
the detector, a small beam stop is suspended
in front of the CCD chip and aligned with
the on-axis beam.

Stability is of considerable importance
in view of the relatively long exposures
required to obtain good holograms. The
most sensitive parameter is the position of
the specimen in relation to the reference
source, the zone plate focus. This align-
ment must be maintained to a precision at
least as good as the desired resolution. To
minimize drift and vibration, the specimen
stage is mounted directly from the zone
plate support, the environment tempera-
ture is controlled to within +1°C, and the
entire instrument is mounted on a granite
bench with damped pneumatic legs.

Soft x-ray holograms of the test objects
(Fig. 2, A and B) are shown in Fig. 2, C
and D. The footprint of the reference beam
appears as the overall circular outline, with
the edges of the CCD detector cutting the
two sides. The diameter of the pattern is 11
mm, except where an edge in the test
object has obscured part of the reference
wave (bottom portion of Fig. 2D). The
shadow of the beam stop is visible at the
center of the holograms. Two different
beam stops are used, a vertical wire (Fig.



Fig. 2. (A and B) Electron micrographs of
resolution test patterns. The dark regions are
made of gold, are 250 nm thick, and are sup-
ported on 120-nm-thick silicon nitride mem-
branes. The patterns are 10 um in diameter; the
spokes in (B) are 50 to 125 nm wide. White
represents the transmissive open regions;
black represents the opague regions. (C and
D) X-ray Fourier transform holograms of the test
patterns. The exposure time was 30 min and
the wavelength was 3.4 nm. The displayed gray
scale spans the range of irradiance in the
holograms. (E and F) Numerical reconstruc-
tions of the holograms. The gray scale was
adjusted to approximate that in (A) and (B); as
displayed, the images are rotated by 90°. The
real and conjugate (first-order) images are re-
flected about the zeroth-order image in the
center, the location of the reference source.

2C) and a rectangular plate suspended from
a thread (Fig. 2D). Fringes due to the
interference between the object and refer-
ence waves are visible nearly to the edge of
the pattern, indicating the presence of in-
formation encoded up to the highest spatial
frequencies permitted by the zone plate,
namely 8.2 wm™!, according to the Ray-
leigh criterion.

The hologram data were recorded and
processed with a DEC VAXstation comput-
er. To diminish their influence on the object
reconstruction, we set CCD pixels exceed-
ing a fixed saturation threshold to the mean
signal levels of their neighbors. The average
signal offset contributed by the camera and
the dc background signal were subtracted.
Thus corrected, the holograms were recon-
structed with a discrete fast Fourier trans-
form approximation to the continuous two-
dimensional Fourier transformation,

Atey) = [[ 1tem)

2w
X exp[ v (Ex+ ny)]d§dn 1)

where A(x,y) is proportional to the recon-
struction amplitude, I(£,m) is the hologram
irradiance, A is the wavelength, (x,y) and
(£,m) are space coordinates in the object and
hologram planes, respectively, z is the dis-
tance from the object plane to the detector,
and i = V=1. The numerical procedure is
similar to one we developed to model holo-
gram formation (21). Each hologram required
about 2 min of computation to reconstruct.
The results are shown in Fig. 2, E and F.
As expected, the specimen image and its
conjugate are seen in an antisymmetric ar-
rangement. The highest spatial frequencies
of the test pattern are well reproduced. The
lower spatial frequencies, corresponding to
the larger scale features of the test patterns,
are somewhat degraded because the beam
stop blocked the central region of the holo-
gram where the low frequencies are encoded.
The finest features imaged in these ex-
periments were 60-nm lines and spaces,
representing an improvement of well over
an order of magnitude compared to earlier
work (27). These results demonstrate that a
resolution consistent with diffraction limits
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is obtainable with a suitably coherent x-ray
beam supplied by a high-brightness undula-
tor, a spherical reference wave formed by a
high-resolution zone plate, and the conve-
nient and linear detection that a CCD
camera offers. Digital recording of the ho-
logram enables rapid numerical reconstruc-
tion of the image. However, these experi-
ments did not address three-dimensional
imaging. As determined by the numerical
aperture of the current system, the depth
resolution is ~4 um, and our specimens
appear two dimensional on that scale. At
this level of performance the technique is
still of limited use. The ultimate objective
is to develop flash holography of biological
specimens with 10- to 20-nm resolution in
all three dimensions (11, 28), an achieve-
ment that would have dramatic implica-
tions for structural biology.
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Order and Low Dimensionality in the Organic
Superconductor (BEDT-TTF),Cu(NCS),
Revealed by STM

R. Fainchtein,* S. T. D’Arcangelis, S. S. Yang, D. O. Cowan

Single-crystal samples of [(BEDT-TTF),]*[Cu(NCS),] ~ were synthesized and studied with
a scanning tunneling microscope (STM). Real-space images of the anion and cation
surfaces with molecular resolution were obtained. The images show no evidence of
structural disorder or stacking faults previously suggested. The presence of an additional
modulation commensurate with the lattice provides evidence of a lattice distortion. The
cause of this modulation is unknown. The presence of a charge density wave in the material
would have implications on the dimensionality of the material that may explain the peculiar
temperature dependence of the electrical conductivity. This interpretation is consistent with
the calculated Fermi surface, which allows nesting of the wave vector.

The recent progress in the race to increase
the superconducting transition temperature
(T.) in organic materials has been motivat-
ed by the discovery of the superconducting
properties of the k-phase (BEDT-TTF) (or
ET) compounds. Since the synthesis in
1990 (1) of k-phase di[bis(ethylenedithio-
lo)tetrathiafulvalene] copper(I)bis(isothio-
cyanate), k-[(ET),]*[Cu(NCS),]~, which
exhibits a T, = 10.4 K in dc resistance
measurements, a new series of k-phase com-
pounds has been synthesized with T_ values
in excess of 11 K (2).

The x-ray studies of k-[(ET),]*-
[Cu(NCS),]~ (I, 3) have revealed a struc-
ture formed by the interstacking of planes of
standing ET molecules that form dimers in
a two-dimensional (2-D) network arrange-
ment, together with planes formed by
[Cu(NCS),] polymer chains located be-
tween the ET planes (see Fig. 1). These
structural studies have opened up discus-
sions on the role and position of the
[Cu(NCS),] counteranions within the
plane. The presence of positional disorder
and a stacking fault in the direction of the
b axis every four unit cells have been
proposed (4). These structural models to-
gether with the idea of a diminished role in
the electrical conductivity played by the
anions (as insulating spacers between the
ET conduction planes) have been used to
explain the behavior of these k-phase ma-
terials.
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The electrical transport properties of the
k-phase ET compounds display a peculiar
temperature behavior that is not yet fully
understood. The temperature dependence
of the electrical resistivity of the material
reveals the existence of three regimes: (i) a
metallic regime (decrease of resistance with
temperature) from room temperature to 240
K; (ii) an activated or “semiconducting”
regime (increase of resistance with temper-
ature) from 240 to 90 K; and (iii) another
metallic regime from 90 to 10.8 K before
the compound finally makes the transition
to a superconductor with a mid-range T, of
10.4 K (5).

In this study a scanning tunneling mi-
croscope (STM) was used in an effort to
resolve the structural uncertainties and pro-
vide insight into the role of the anions in
the conductivity of the material. The re-
sults may also suggest a possible explanation
for the peculiar temperature dependence of
the electrical resistivity in this material.

Samples of k-[(ET),]*[Cu(NCS),|~
were prepared by standard electrochemical
methods (5). Four-probe dc resistance mea-
surements were made on single crystals from
room temperature to liquid helium temper-
ature.

STM images of k-[(ET),]*[Cu(NCS),|~
were taken in air at room temperature. The
measurements were made with a commer-
cial STM (6) operated under either stan-
dard constant-current or constant-height
conditions (7). No apparent differences in
the images were observed in the two modes
of operation. The crystals were mounted on
Au films and fixed to the substrates with
conductive Ag paint. The tunneling cur-
rent (i, ) was set to values of 1 nA. Scans

tun





