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Direct determination of the absolute electron density of nanostructured
and disordered materials at sub-10-nm resolution
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We report the development of a novel experimental approach to the direct determination of the absolute
electron density of nanostructured and disordered materials. By calibrating the incident coherent x-ray flux and
the diffraction pattern intensity and using the oversampling method, we have directly determined the absolute
electron density of a porous silica particle-aB-nm resolution. This general approach can be used for the
guantitative characterization of nanocrystals and noncrystalline materials at nanometer or better resolution.
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There is an important need in nano science and materialsounted downstream of the sample was used to align the
science to develop guantitative methods for determining th@inhole and measure the incident flux. At a distance of 743
absolute electron densitpr electrostatic potentinbf nano- ~mm downstream of the sample was a detector, which is a
structured materials at nanometer or better resolution in thredeep depletion and direct illumination CCD with a pixel size
dimensiong. To achieve this goal, x rays are an ideal candi-of 22.5< 22.5um?. To reduce the dark noise, the CCD was
date due to the fact that x-ray wavelengths are on the order @Perated at liquid nitrogen temperatures. To eliminate the
the size of atoms, and that the penetration length of x rays i§cattering from the air molecules, the experiment was carried
much longer than that of electrons. X rays are, howeverQUt in vacuum with a pressure of 16 Pa. Additional details
much more difficult to focus than electrons. The smalles®f the experimental setup can be found elsewfiére.
focal spot currently achievable is 30 nm for soft x ray% Figure 1 shows a coherent diffraction pattern recorded
and ~ 100 nm for hard x ray3.To dramatically improve the from a single porous particle with a size o2 um. To make

: : : he detailed features visible, only the central part (512
resolution, diffraction-based methodology such as x-ra)} . i ) .
crystallography has to be employed, which can routinely vicX 512 pixels) of the diffraction pattern is shown whereas the

. . : : whole diffraction pattern has 16801600 pixels with a reso-
sualize an arrangement of atoms in three dimensions. But tnﬁtion of 9.3 nm at the edge. Due to the low dynamic range

three-dimensional structures obtained by x-ray crystallogra(—)f the CCD, a small patch of the lower resolution diffraction

phy are globally averaged from a Iar.ge. nu_mber of_umt (?e"Spattern (6 60 pixels) was blocked to facilitate the record-
inside a crystal. To overcome these limitations, a diffraction-

based imaging method has recently been developed to deter-
mine the nonaveraged local structures of nanocrystals and
noncrystalline materials by using the oversampling method
and coherent x ray’.** However, the imaging method has
thus far been used to determine the relative electron density
of the local structures. Here we report an experimental ap-
proach to the quantitative determination of absolute electron
density of nanostructured and disordered materials at sub-10
nm resolution.

The experiment was carried out on a synchrotron undula-
tor beamline at SPring-8 with an x-ray wavelength of 2.3
A2 A'Si (1,1,) double crystal was used to produce good
temporal coherence E{AE~7500) and a 15Q:m slit,
placed at a distance of 27 m upstream of the experimental
instrument, to achieve good spatial cohereldizergence
angle~5.5x 10" ° rad). The first element inside the instru-
ment was a 2Qtm pinhole to create a small and clean beam
which was placed in front of the sample at a distance of 38
mm. The sample was a disordered porous silica particle with F|G. 1. (Color online The central part (512512 pixels) of an
a ~15-nm pore sizé? Between the pinhole and the sample x-ray diffraction pattern recorded from a porous silica particle with
was mounted an L-shaped guard slit to eliminate the scatter~2 um in size. The whole diffraction pattern has 1600
ing from the edge of the pinhole. An x-ray photodiode X 1600 pixels with a resolution of 9 nm at the edge.
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ing of the higher resolution diffraction pattern. The missing
data at the center were filled in by the magnitude of Fourier
transform calculated from an x-ray microscopy imaggve
believe this problem will be solved in the future by using §
two-dimensional area detectors with both higher quantum &
efficiency and higher dynamic rang@.

The intensity of the diffraction pattern is related to the

Fourier transform of the electron densit&(l?), by

loLr2
"o IFR)I2, M

I(kK)=

wherel (k) is the intensity of the diffraction patterig the
incident x-ray flux,L the polarization factor; the classical
electron radius, and the distance from the sample to the
CCD. To obtain the absolute value [5(K)|, both the abso-
lute values ofi (k) and I, have to be measured. We deter-
mined the absolute value dtk) based on

h,h
M=Q 12
N
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FIG. 2. The absolute electron density reconstructed from Fig. 1
in which the absolute electron density inside the little square (100

100 nnt) at the center is shown in Fig. 3. The worm-like struc-

the average numper of electron-hole pairs created_ by a Smgféres in the inset are due to the disordered and porous nature of the
photon,h, the ratio of the electronfr holes reaching the particle.

electrodes andll, the average number of electrons needed to
produce one countQ is determined to be 77% for x rays

whereM is the CCD counts per x-ray photo the effi-
ciency of converting x-ray photons to electron-hole pdirs,

: o _ consistent and smaR factors demonstrated the robustness
with a wavelength of 2.3 Ab, is given byE/e whereE is ¢ pe phase retrieval. We also compared the five sets of the
the x-ray photon energy ane the average energy for an reconstructed electron density. They are almost identical ex-
electron-hole creation+3.7 V). N./h, was measured by cont for some small differences at high spatial resolution

the CCD manufacturer(Roper Scientifit to be 4.33 hich according to the computer simulation restftsre
electrons/count. The CCD counts per x-ray photon was deg ;e to the noise in the diffraction pattern.

termined to bevl =256.7. To obtairly, the x-ray photodiode Figure 2 shows the reconstructed absolute electron den-
(100-um-thick S) was used to measure the incident x-ray iy at 4 resolution of 9.3 nm which is a projection of the
flux before and after the recording of the diffraction patterns.,onostructured particle. The inset shows an amplified area
By averaging the two measurements and taking into accouqtsoo>< 300 nn?) at the center of Fig. 2 in which the worm-

the exposure time, the incident x-ray flux for the diffraction ji e stryctures are due to the disordered and porous nature of
pattern of Fig. 1 was determined to be 6.4

X 10° photonsfzm?.
To determine the absolute electron density, one needs t “-

know the phases of the Fourier transform which were ob-

tained by using the oversampling methiddivhen a diffrac-

tion pattern is sampled at a fine enough frequency, the phas

information exists inside the diffraction pattern and can be =

directly retrieved by using an iterative algorithm. The algo-

rithm iterates back and forth between real and reciprocal

space with a random phase set as an initial inputR&actor

is used to monitor the reliability of the reconstruction pro-

cess,
R, —=pD=py(M)] @ AR
YOS pi (M) + oy (D] = o B
< RS [N ==

wherep;(r) andp;(r) represent théeth andjth reconstructed - = <«

electron density with different random phase sets as the ini-

tial input. We have carried out a total of five reconstructions  FIG. 3. The variation of the absolute electron density within the
for Fig. 1 and theR factors were calculated to bR;,  area of 10x 100 nn? which is due to the porous structures with a
=3.7%, Ry3=3.72%, R,,=3.8%, andR;5=3.64% The  pore size of~15 nm.
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the particle. A white square in Fig. 2 corresponds to a 106hree-dimensional reconstruction algoritfithis experimen-
X 100-nnt area in which the electron density is shown in tal approach can be used for a quantitative structure determi-
Fig. 3. Thez axis of Fig. 3 represents the number of elec-nation of nonaveraged local structures at nanometer or better
trons in a volume of 4.65 nm4.65 nmx 2 um, where the resolution in three dimensions, which is not accessible to
pixel dimension in thex andy axes is half of the resolution x-ray crystallography. With the prospects of future higher
and the thickness of the particle within the area was estiflux and more coherent x-ray sourcd<’ we expect this
mated to be 2um. The averaged electron density within the approach will find important applications in both nano and
100X 100-nnt area was determined to be 0.45 electroris/A materials science.
which is in quite good agreement with 0.4 electron$tl- ) . ) . -
culated from the known pore volume of 1.15%m The The idea of using a photodiode fo_r measuring the incident
slight difference is believed due to the error in estimating the<"@ flux was suggested by J. Kirz. We thank J. C. H.
particle thickness. By measuring the full width of half maxi- SPence, and O. Terasaki for many stimulating discussions; Y.
mum of the peaks, the pore size was roughly estimated to pgohmura, K. Tamasaku, and M. Yabashi for the help of data
~15 nm. acquisition; and G. Denbeaux for imaging the samples by
By calibrating the incident coherent x-ray flux and the using the soft x-ray microscop€XM-1) at the Advanced
diffraction pattern intensity, we have determined the absolutéight Source, Berkeley National Laboratory. This work was
value of the magnitude of the Fourier transform of a poroussupported by the U.S. Department of Energy, Office of Basic
silica particle. By using the oversampling method, the absoEnergy Sciences. Additional support was provided by the
lute electron density was directly reconstructed from the caliU.S. DOE Office of Biological and Environmental Research
brated magnitude of the Fourier transform. A real-space resand the National Institutes of Health. Use of the RIKEN
lution of ~9 nm has been achieved. In combination with thebeamine(BL29XUL) at SPring-8 was supported by RIKEN.
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