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Abstract

Structural insight into nano-objects down to the atomic scale is one of the most important pre-

requisites to understand the properties of functional materials and will ultimately permit one to

relate the size and shape of nanoparticles to their catalytic activity. We elucidate the potential of

extracting structural information about a small ensemble of nanoparticles that are semi-regularly

arranged on a periodic array from coherent X-ray Bragg diffraction. The observed fringe pattern in

the Pt(111) Bragg peak obviously originates from the mutual interference of the Bragg scattered

wave field from individual nanoparticles in the nano-array. Despite the absence of a symmetry

center in the Bragg peak of the nano-array, we identify the most prominent in-plane spatial fre-

quencies of the latter by applying a Patterson map analysis to the Bragg peak superstructure.

Integration along the in-plane reciprocal space direction over the relevant in-plane regions of in-

terest results in Laue oscillations that arise from nanoparticle sets of similar heights in real space.

A one-to-one comparison with real-space microscopic information obtained from scanning electron

microscopy and atomic force microscopy suggests potential nanoparticle subsets as the origin for

the X-ray intensity in these regions of interest by the good agreement in their height and direction-

dependent in-plane interparticle distances, as also further supported by simulations. Nanoparticle

arrays with well-defined tunable sizes and lateral distances may serve in the future to track struc-

tural changes in, e.g., sizes, relative positions, and tilts of smallest’ catalysis-relevant nanoparticles

during operando heterogeneous catalysis experiments in the 10-nm-size regime.

Keywords: Coherent X-ray Bragg diffraction, platinum nanodot-array, strontium titanate, electron beam

lithography (EBL), SEM, AFM, correlative microscopy
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I. INTRODUCTION

X-ray diffraction can provide three-dimensional (3D) information on nanostructures down

to the atomic scale [1–3]. The high penetration depth of X-rays facilitates experiments in

harsh environments such as liquids or gases, and hence they are an ideal probe for dynami-

cally tracking nanoparticles in situ or operando [4, 5].

To study heterogeneous catalysis X-rays can be utilized to probe nanoparticle ensembles

and track their reaction-induced size and shape changes during oxidation [1, 6] or sintering

[7] down to the single nanoparticle level [8]. In the latter case, isolated nanostructures such

as single nanoparticles with long-range crystalline order over the X-ray coherence length are

rocked through a Bragg reflection in the X-ray beam and a stack of reciprocal space detector

images is collected. Phase retrieval algorithms permit one to deduce the crystalline electron

density and strain state in real space from the reconstructed amplitude and phase of the

diffracted wavefield. This so called coherent X-ray diffraction imaging (CXDI) has matured

over the last two decades and was used to analyze single nanoparticles ex situ [9, 10]. More

recently, the tracking of dynamic changes under various in situ conditions has been reported,

elucidating the temporal evolution of strain and defects in single nanoparticles [8, 11, 12]. For

single alloy nanoparticles with often superior properties, e.g., bimetallic PtRh, the shape and

compositional strain profile were followed while changing the gas environment from oxidizing

to reducing [13], and from inert to catalytic reaction conditions [14].

To gain more insight into the role of mutual nanoparticle interactions and the nanopar-

ticle support, it is desirable to analyze nanostructure arrangements consisting of more than

a single nanoparticle, but far less than the large ensembles investigated so far. Periodic

nanostructures can be characterized in terms of the superlattice period, composition profile,

and lattice mismatch of the crystalline features by analyzing the interference of coherently

diffracted X-rays [15–17]. One reported example deals with lithographically produced, pe-

riodically arranged Cu3Au nano-cuboids prepared from an epitaxially grown film, which

are coherently illuminated by the X-ray beam. The resulting X-ray interference pattern

indicated that the nano-cuboids exhibited a decreased order-disorder transition tempera-

ture during annealing as compared to a closed thin film, stressing the role of the long-range

order in such 2D binary alloy systems [18]. Moreover, intensity modulations in surface X-

ray diffraction patterns arising from a superlattice interference provide information on the
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registry and distance of nano-clusters as small as 1.5 nm in diameter that are arranged on

superlattice sites [19, 20]. Calculations showed that the diffraction pattern from a two-

dimensional quantum dot (QD) array can be inverted to obtain the correct QD shape and

orientation [21, 22]. In imperfect nano-array samples, however, the analysis of the coher-

ent X-ray Bragg diffraction signal is often restricted to the superlattice interferences, as

small imperfections obstruct a phase retrieval and, in turn, the real-space reconstruction

by CXDI. Imperfections with less long-range order may originate from (i) a non-negligible

size distribution of the nano-objects, (ii) spread in their crystal orientation and tilt, and

(iii) in their relative mutual positions. This represents the general situation of a small

nanoparticle ensemble. In grazing incidence small-angle X-ray scattering (GISAXS) geom-

etry, being insensitive to the exact atomic positions, the average shape of the QD islands

was reconstructed by an iterative phase retrieval algorithm [23]. Similarly, the small-angle

forward-scattering rather than the Bragg diffraction signal was utilized for CXDI in trans-

mission geometry to successfully reconstruct the real-space electron density distribution of a

set of multiple Au nanocrystals arranged in close vicinity [24]. Although the reconstruction

is easier and more reliable in GISAXS or transmission geometry, Bragg-based CXDI can

provide more structural details including the strain state, defects [12], and even the location

of charge density wave domains in high-temperature superconductors [25].

Here, we analyze the coherent X-ray diffraction pattern of a semi-regular array of platinum

(Pt) nanodots created by electron beam lithography (EBL) on a (100)-oriented strontium

titanate (STO) single crystal supported by simulations. EBL permits one to create small

nanoparticle ensembles or periodic nanodot-arrays with a narrow size distribution and tune

their size and interparticle distance. The Pt nanodot arrangement was too complex for a

reconstruction by the currently available phase retrieval algorithms. We therefore exploited

a windowed fast Fourier transform (FFT) to extract structural information from regions of

interest within the 3D coherent X-ray diffraction pattern similar to applying the Patter-

son function to single crystal data [26]. We show that it is possible to connect in-plane

spatial frequencies of the nanodot-array deduced from the Patterson plot and out-of-plane

thickness oscillations to identify nanoparticle sets in the complementary real-space scanning

electron (SEM) and atomic force (AFM) microscopic images. Based on real- and reciprocal-

space correlations we suggest how this approach of extracting structural information from

coherent scattering patterns of such nanostructure arrangements can be generalized. We
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discuss prerequisites to deduce nanoparticle sizes and interparticle distances, allowing for

in situ tracking of dynamic processes under operating conditions. The flexible design of

EBL-prepared nanoparticle ensembles combined with different algorithms in the analysis of

coherent diffraction data from a small number of nanoparticles opens diverse approaches

to elucidate processes in various scientific disciplines, which are so far not yet sufficiently

understood. In catalysis, these include, e.g., the size-dependent strong metal-support in-

teraction (SMSI) [27, 28], and adjacent nanoparticle-induced nanoparticle size, shape, and

strain state changes.

II. MATERIALS AND METHODS

A. Materials

Epi-polished, 0.5 wt.% Nb doped (100)-oriented STO crystals with a specified miscut

angle of < 0.1 ◦ and an (010) edge orientation were used as substrates. All chemicals were

used as delivered without further purification.

B. Preparation and characterization of the STO crystal substrate surface

To induce a TiO2 termination [29] as a single surface functionality on the (100)-oriented

STO crystals, we modified a protocol of Koster et al. [30]. In short, the as-received STO

crystals were ultrasonically soaked in ultrapure water for 10 min, subsequently dipped for

30 sec into a diluted hydrofluoric acid solution (buffered oxide etch, BOE), rinsed twice in

ultrapure water and dried in a N2 stream. Afterwards, the STO crystals were annealed in

a tube furnace in air by ramping up the temperature at a rate of 20K/min up to 950 ◦C,

holding for 1h and leaving to cool down to room temperature. Subsequently, a homogeneous,

8-nm-thick Pt layer was deposited onto the annealed STO crystal at room temperature with

an electron beam evaporator (deposition rate 0.02 nm/sec, pressure 7 × 10−7mbar, sample

rotation 10 rpm, purity of Pt 99.99%).

Figure 1 shows topographic AFM images of the STO crystal surface during these different

steps of the surface pre-treatment. The heterogeneous surface morphology of the as-received

STO(100) single crystal in Fig. 1(a) turns into irregularly arranged plateau areas of discrete

height levels, as shown in Fig. 1(b) after ultrasonic bathing in deionized water, 30 sec dip in
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BOE, cleaning twice in deionized water and drying in a stream of nitrogen. After annealing

at 950 ◦C in air for 1 hour the crystal steps in Fig. 1(c) with a terrace width of about 200 nm

formed in agreement with a crystal surface miscut of around 0.1 ◦. Depositing an 8-nm-

thick Pt film leads to a fine roughening visible in Fig. 1(d), while the surface steps remain

apparent. A three-layer fit to model the X-ray reflectivity (XRR) indicates a total Pt film

thickness of 8.7 nm with a surface roughness of 0.63 nm, whereas the STO/Pt interfacial

roughness is only 0.28 nm, see, e.g., Fig. S1 in the Supplemental Material [31].

FIG. 1. AFM surface topography of subsequent surface preparation steps to introduce a single

TiO2-terminated surface functionality on the epi-polished, (100)-oriented STO single crystal. (a)

as received, (b) after a 30 sec dip into BOE, (c) after subsequent annealing at 950 ◦C in air for

1 hour exhibiting atomic steps with TiO2-termination according to [30]; and (d) after deposition

of an 8-nm-thick Pt film. The lateral image size is 2µm × 2µm and the corresponding height

information is given in the scale bars on the right.

C. Electron beam lithography to create Pt nanodot-arrays

To create Pt nanodot-arrays we modified a protocol of Komanicky et al. [32] as sketched

in Fig. 2. A 275-nm-thick ZEP photo-resist layer was spin coated onto the Pt film on top

of the STO crystal, after the latter was pre-cleaned in acetone and isopropanol for 15 min
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followed by drying in a stream of N2. Pre-bake and post-bake were done on a hotplate

for 10 min at T = 180 ◦C. Square nanodot-arrays with mutual center-center interdot

distances of 70−200 nm between adjacent nanodots, and varying dose rates to create different

Pt nanodot sizes of around 30 − 60 nm, were created in the photoresist by electron beam

lithography using 20 kV, a magnification of 2000×, a beam current of 0.23 nA, and a working

distance of 9.6mm without applying a proximity correction [33]. The nanodot-arrays were

surrounded by hierarchically arranged marker structures serving as guidance to simplify the

relocalization of preselected regions of interest at the X-ray beamline. The nanodot-array

discussed in the following was created using a nominal nanodot diameter of 50 nm and a

center-center distance of 150 nm.

FIG. 2. Sketch of the sequential steps to create STO supported Pt nanodot-arrays (not to scale)

by electron-beam lithography, and a combined lift-off and etching, followed by annealing, modified

from Ref. [32].

The resist was developed for 90 sec in n-amylacetate, rinsed with isopropanol and dried

in a stream of N2. Subsequently, the electron-beam structured surface was covered with a

100-nm-thick Si mask by evaporating Si from a granulate inside a Knudsen cell under UHV,

heated to nominally 1450 ◦C at a pressure of less than 2 × 10−9mbar over the deposition
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time of 10 hours. Afterwards, the crystal was immersed into dimethyl sulfoxide (DMSO),

cleaned in acetone, and subsequently ultra-sonicated for 5min in DMSO to facilitate the

lift-off, followed by rinsing in acetone and isopropanol and drying in a stream of N2. Pt

in the unprotected area was selectively removed by an Ar+ ion etching for 60 sec using a

Kaufman ion source (base pressure 2.4 × 10−6mbar, Ar+ ion beam current 15mA, beam

voltage 500V, discharge voltage 38V, acceleration voltage 125V, Ar flux 2ml/min, process

pressure 2.5 × 10−4mbar). The electrical conductivity of a similarly thick Pt film on a

sapphire crystal mounted aside was used as a reference to determine the time, after which

the uncapped Pt film was etched away to stop the etching process. Electrical contacts to

the reference sample were established by ultrasonic wedge bonding. Then, the remaining Si

mask material was removed by immersing the sample into NaOH at 80 ◦C for 1 h. Finally, the

Pt nanodot-array sample was heated up in a tube furnace in air at a moderate temperature

of 750 ◦C, compromising a non-equilibrium shape of the Pt nanodots and avoiding their

dewetting and disappearance. For the annealing, a heating rate of 20 ◦C /min was used

and the sample was kept at the annealing temperature for 10min. Subsequently, the tube

furnace was let to cool down.

D. SEM and AFM characterization

Figures 3(a) and (b) show SEM and AFM height images of the Pt nanodot-array.

FIG. 3. (a) SEM and (b) AFM height image in 3D view of the Pt nanodot-array. Characters A-H

on the top and numbers 1-8 on the right in (a) designate the individual nanodots. The white arrows

in (b) indicate the directions of the spatial coordinates, and the color bar on the right corresponds

to height levels from 0 to 60 nm.
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The SEM image was obtained with a high-resolution field-emission microscope [34] oper-

ated at 2 kV using a through-lens detector in secondary electron imaging mode. The AFM

topographic image was collected in tapping mode in air [34] with a standard tapping mode

silicon cantilever (cantilever frequency 300 kHz, cantilever stiffness 40N/m, scan rate 2Hz).

A second-order plane fit was applied and the terraces were aligned with a three-point lev-

eling function to correct for the bending movement of the piezoelectric crystal. While the

lateral diameter d of each nanodot was determined by image analysis from the SEM image,

the height h was obtained from the corrected AFM topography image.

Table I lists the individual height and lateral diameter for each of the nanodots in the

array. The mean nanodot height was deduced to be h = 42.8 ± 14 nm. We assign the

overall decreasing dot size and increasing number of missing nanodots towards the out-of-

center regions of the array pattern to the proximity effect, giving rise to over-illumination

during the electron-beam lithographic process in the central part [33]. In turn, this leads

to an insufficient dose in non-central regions and explains the heterogeneity and related

comparatively large standard deviation in the mean nanodot size. A slight rectangular

elevation visible on the left side of the AFM Fig. 3(b) is due to a thin carbon contamination

layer around two nanodots arising from high-magnification SEM imaging after the X-ray

experiment.

E. Coherent X-ray Bragg diffraction

The coherent X-ray Bragg diffraction experiment was conducted in the experimental

hutch 2 of the coherence applications beamline P10 at the synchrotron PETRA III at DESY

in Hamburg, Germany. The X-ray beam was focused by compound refractive lenses (CRLs)

to a beam size of 3 µm× 2 µm in the horizontal and vertical direction, respectively, resulting

in a footprint of around 12 µm × 2 µm on the STO crystal surface. A sketch of the

scattering geometry is shown in Fig. 4. The sample-to-detector distance was 5m. The

degree of coherence inside the focus was around 30% in the horizontal direction, while it

was of the order of 70% in the vertical direction [35, 36]. The X-ray Bragg diffraction

signals of the Pt(111) Bragg peak showing coherent interference fringes were collected on

a 2D silicon pixel detector with 487 × 619 pixels, each sized 172 µm × 172 µm. The X-

ray energy that was used was 13 keV corresponding to a wavelength λ = 0.095 nm. The
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TABLE I. Height h and lateral diameter d of the Pt nanoparticles within the 8 × 8 nanodot-array

as determined from AFM and SEM image analysis, respectively.

A B C D E F G H

1 h (nm) 51.4 56.5 32.6 43.2 21.7

d (nm) 44.3 62.8 40.6 44.5 21.0

2 h (nm) 14.9 49.8 50.1 43.5 43.0

d (nm) 18.4 45.3 70.0 57.5 44.5

3 h (nm) 48.9 43.9 40.8 60.0 59.3 60.5 45.0 31.3

d (nm) 41.5 43.2 36.2 77.2 71.9 76.1 40.5 24.2

4 h (nm) 37.7 25.8 64.4 53.0 55.9 47.5 49.0

d (nm) 40.1 19.6 73.0 64.1 53.6 58.8 40.6

5 h (nm) 52.6 20.4 58.6 45.1 50.1 59.8

d (nm) 54.7 17.1 69.3 51.0 48.4 61.5

6 h (nm) 44.3 47.2 46.3 16.0 10.7

d (nm) 34.0 43.1 56.2 15.5 13.0

7 h (nm) 43.5 55.0 45.0 23.4

d (nm) 34.0 64.1 41.8 23.0

8 h (nm) 22.2 29.0

d (nm) 15.5 24.8

STO crystal was vertically mounted onto a piezo stage, aligned to the X-ray beam and

rocked through an angular range of 0.7 ◦ around the incident Bragg angle of θB = 12.4 ◦ to

probe the reciprocal space around the Pt(111) Bragg peak at 2θ = 24.8 ◦. Several nanodot-

arrays on the STO crystal were imaged by SEM [34] and subsequently preselected by saving

the position coordinates of the nanodot-arrays and the hierarchically arranged Pt marker

structures. Figures 5(a) and (b) show a sketch of the marker design used for the EBL process

and an SEM image of the resulting large marker that was around 100µm.

After the transfer to the X-ray beamline, an optical microscope was used for a coarse

sample alignment. To relocalize a preselected Pt nanodot-array on the STO surface, the

sample was scanned by a lateral translation through the X-ray beam. A nano-transfer
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protocol was utilized to find (i) the sample edges, (ii) the hierarchically arranged Pt markers

written by electron-beam lithography, and (iii) the preselected nanodot-arrays.

FIG. 4. Sketch of the experimental setup for the coherent X-ray Bragg diffraction experiment.

Arrows indicate the coordinate directions in the sample frame in real and reciprocal space.

The guiding markers were detected by the characteristic Pt X-ray fluorescence using a Si

drift energy-dispersive X-ray fluorescence detector mounted along the surface normal with

an energy resolution of 140 eV full width at half maximum (FWHM). An energy window

was set around the PtLα1 edge at 9.36 keV; see, e.g. the overview and high resolution X-ray

scanning images in Figs. 5(c) and (d), and the correspondence between the SEM overview

and the Pt X-ray fluorescence scanning image in Fig. S2 in the Supplemental Material

[31]. A slightly longer elongation of the marker signal in Fig. 5(d) along the horizontal as

compared to the vertical direction reflects the shape of the X-ray footprint on the sample

surface.

Coherent X-ray Bragg diffraction signals of the nanodot-array were collected by rocking

the sample over an angular range of 0.7 ◦ while collecting a detector image for each of the

61 steps. From the set of 61 detector images, a three-dimensional coherent X-ray Bragg

diffraction signal was reconstructed as follows. The reciprocal-space coordinates Qx, Qy,

Qz of the scattering vector Q in the sample frame, as defined in Fig. 4 were calculated and

11



assigned for each pixel of the detector image for all 61 rocking angles.

The 3D reciprocal scattering data were linearly interpolated to form a 3D scalar field

defined on an evenly spaced 3D grid in reciprocal space (see, e.g., a 2D raw detector image

in Fig. S3, and an image sequence of the scan through the Pt(111) Bragg peak to obtain

the full 3D reciprocal scattering data in the movie M1 in the Supplemental Material [31]).

The zero is shifted to the position of the ideal Pt(111) reciprocal lattice point determined

from the Pt lattice constant 0.3924 nm at 293.15K [37].

FIG. 5. a) Sketch of a marker written into the photo-resist by e-beam lithography used to relocalize

the nanodot-array, b) SEM image of a resulting Pt marker, c) overview Pt X-ray fluorescence

scanning image indicating the coarse marker position, and d) high resolution X-ray fluorescence

scanning image to achieve a precise relocalization of the preselected nanodot-array.

F. Simulation of coherent X-ray Bragg diffraction intensity distribution

To simulate the in-plane coherent scattering intensity distribution, we employed the pro-

gram PyNX [38]. Individual substrate-supported nanodots were permitted to vary in their

relative positions x and y, their radius r and their azimuthal and normal lattice tilt with

respect to the crystal orientation of the substrate. Each nanodot was described as a half-

sphere and accordingly filled with Pt atoms regularly arranged on Pt FCC crystal lattice

sites ni with orthogonal dimensions nx = 400, ny = 400, nz = 400, such that each site was

filled inside the half sphere of the nanodot. The lattice parameter of Pt was chosen from

the literature [37]. Each Pt atom was assumed to coherently scatter the incident X-rays,

and the far-field diffraction intensity to arise as overlay from mutual interferences of X-rays

scattered from any of the Pt atoms. The influence of nanoparticle size, strain, and tilt on

the resulting diffraction pattern was systematically simulated for selected regions of interest

in reciprocal space. Nanoparticle tilts were simulated by rotating the crystal lattice sites
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of one or more selected nanoparticles by a given azimuthal or out-of-plane angle. Elastic

strain was added by simultaneously expanding the lattice uniformly along all orthogonal di-

rections using the direction-independent strain ϵ, e.g., xstrained=(1+ϵ)x0, ystrained=(1+ϵ) y0,

and zstrained=(1+ϵ) z0, where the index 0 indicates the unstrained state.

III. RESULTS AND DISCUSSION

The ensemble of, in total, 42 nanodots arranged on the 8 × 8 array as it is seen in the

SEM and AFM images in Fig. 3 was analyzed by coherent X-ray Bragg diffraction using the

scattering geometry sketched in Fig. 4.

Figure 6(a) shows a three-dimensional plot of the iso-intensity surface obtained from the

3D scattering data. The interference fringes observed around the Pt(111) Bragg peak indi-

cate a preferential Pt(111)/STO(100) orientation of coherently scattering nano-objects with

finite size.

FIG. 6. (a) 3D intensity distribution in reciprocal space from the Pt nanodot-array assembled from

the stack of 2D detector images taken at different tilt angles θ. A |Q|= const isointensity surface

was drawn at an arbitrarily chosen value of 16 counts. (b) Three orthogonal slices through the 3D

scattering data. The color code corresponds to the logarithm of the number of counts at a given

point in reciprocal space.

Figure 6(b) displays a section of three orthogonal slices through the 3D scattering data.
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The protruding rod-like structure in Fig. 6(a) is the so-called crystal truncation rod signal

arising from the STO substrate surface. The discontinuous intensity distribution along the

crystal truncation rod in Fig. 6(a) is arising from the discrete sampling.

In the following, we describe how structural information can be extracted from the 3D

X-ray intensity in Fig. 6. We discuss, to which extent characteristic distances present in the

Bragg peak superstructure can be correlated to the real-space SEM and AFM images of

the original nano-array in Fig. 3. For this purpose we divide the discussion into first, the

out-of-plane direction normal to the substrate surface, and then the in-plane direction.

FIG. 7. (a) Qz = 0.15 nm−1 slice showing the intensity distribution in Qx and Qy directions.

Dashed rectangles indicate three regions of interest (ROI) that were analyzed separately. (b)

Patterson maps obtained by applying the windowed FFT to the Qz-slice data for each of the

ROI1 - ROI3. Blue, red, and green lines indicate dominant inter-particle correlation lengths and

orientations for each ROI.

Out-of-plane direction. From the periods of oscillations along Qz of the 3D intensity

distribution in reciprocal space in Fig. 6(a), essentially three characteristic oscillation periods

can be identified. For a more detailed analysis of the nanoparticle height information along
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Qz it is instructive to look into a central and otherwise arbitrary Qz=const slice as shown in

Fig. 7(a) for Qz equal to 0.15 nm−1. Despite the rich in-plane interference fringes from the

nanodot-array in the Qx-Qy plane evident from Fig. 7(a), quantitative height information

of the nanoparticles contributing to the diffraction signal can be extracted from the out-

of-plane direction. To constrain and categorize the experimental data set and to simplify

the discussion of the out-of-plane direction, we select three in-plane regions of interest, as

indicated by the dashed frames in Fig. 7(a). For each of the three framed ROIs, we integrate

the in-plane signal for each Qz-point of the grid. The results of the analysis are shown in

Fig. 8.

The color-map graphs in Fig. 8 show the intermediate data after the Qx integration,

whereas the linear plots are obtained by the full in-plane Qx-Qy integration of the respective

ROIs. We assign the characteristic oscillations along the Qz direction in the linear plots in

Fig. 8 to finite-particle-height Laue oscillations originating from the X-ray interference at the

nanodot-array. Accordingly, the height h of the nanoparticle arrangement giving rise to the

scattering signal is related to the mean width of a single oscillation ∆Qz as ∆Qz = 2π/h.

We deduce for ROI1 a height h of the nano-objects of 28 nm. Similarly, the ROI2 signal

is created from objects of 41 nm in height, while the ROI3 signals stem from around 60 nm

high objects. Note the good agreement between these nanoparticle height values as extracted

from the selected ROIs in Fig. 7a and the AFM results listed in Table I, indicating that height

values of individual nanoparticles are lying between 20 and 65 nm if one neglects the very

few outliers mainly located on the nanodot-array border.

FIG. 8. Qy-Qz maps and Qz plots of 1D and 2D integrations, respectively, of the three regions of

interest shown in Fig. 7(a).
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In-plane direction. As the incident X-ray beam is only partially transverse-coherent each

Bragg-diffracting nanoparticle should be understood as a partially coherent light source. For

the chosen diffraction geometry, the transverse beam coherence mostly plays a role. The

intensity at a given point in the detector plane, therefore, consists of coherent and incoherent

contributions, where Q is the scattering vector,

I(Q) = α Iincoh(Q) + β Icoh(Q) (1)

The incoherent part does not form particle-particle interference fringes and is simply equal

to the incoherent sum of intensities from individual nanoparticles (NPs) NPj:

Iincoh(Q) =
∑
j

INPj
(Q) (2)

On the other hand, the coherent contribution to the intensity

Icoh(Q) ∝

∑
j

FNPj
(Q)

 ·

∑
j

FNPj
(Q)

 (3)

does form mutual interference fringes [39].

As introduced above, Fig. 7(a) is the Qz = 0.15 nm−1 slice through the 3D scattering data.

Since the lateral dimension of the larger single nanoparticles, d, is of the order of 60 nm (see,

e.g., Table I), the corresponding reciprocal space shape function is around 0.1 − 0.2 nm−1

FWHM, provided the nanoparticle is fully crystalline. This size is roughly equal to the

apparent size of each of the three intensity maxima marked as ROI1 - ROI3 in Fig. 7(a), and

we therefore assign the structural features within these ROIs to Bragg peaks of individual

nanoparticles. This fractionation in the Qx-Qy plane indicates relative mutual tilts of the

crystal lattices that translate to around 0.4 ◦, 0.7 ◦, and 1.0 ◦ between ROI1 and ROI2, ROI2

and ROI3, and ROI1 and ROI3, respectively. The diffraction signal of nanoparticles can

only contribute to a ROI, if their relative particle tilt angle α fulfills the condition:

tanα = dQx,y ≪ λ/d (4)

For the X-ray wavelength λ = 0.095 nm and a nanoparticle diameter of d ≈ 60 nm, a

maximum angle of ≈ 0.09 ◦ can be deduced. For larger tilts of the nanoparticles, such as

for those observed for ROI1-ROI3 with α ≥ 0.4 ◦, their shape functions are completely

separated in reciprocal space and the interference fringes of the diffraction pattern cannot

be analyzed as a whole nor be assigned to a single set of coherently scattering nanoparticles.
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To relate the interference fringes with an approximate size of ∆Qx,y = 0.01 − 0.02 nm−1

to the original real-space structure of the nanodot-array we exploit a windowed FFT. Similar

to the Patterson function for a crystal lattice, the windowed FFT provides information on

interparticle vectors. Figure 7(b) shows three windowed FFTs obtained from each of the

ROIs utilizing a Gaussian window in the reciprocal space map in Fig. 7(a). Around eight

different particle-particle distances can be observed as indicated by the colored lines in

Fig. 7(b). To identify candidate nanoparticles within the nanodot-array we translated the

colored lines from the windowed FFTs into the SEM image in Fig. 9 keeping to scale the

exact lengths and directions of all eight particle-particle position correlations.

FIG. 9. Lateral inter-particle correlation lengths and orientations from the Patterson maps to scale

in the SEM image of the nanodot-array. The color of the lines indicates the Laue height for each

associated ROI. Nanoparticles are encircled in colors to classify their heights in ranges of 65−55 nm

(green), 54− 47 nm (gray), 46− 36 nm (red), and 33− 23 nm (blue), and below 22 nm (black).

Moreover, the nanoparticles in Fig. 9 are encircled with a color code indicating height

levels obtained from AFM (see, e.g., Table I), while the color of the lines reflects the height

obtained from the out-of-plane direction for a given ROI. For each ROI, the color lines were

arranged such that they are connecting nanoparticles of height levels obtained from the Laue

analysis satisfying both the in-plane and out-of-plane constraints at the same time. We

implicitly assume here that all nanoparticles contributing to the scattering signal inside the
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ROI have the same height level, which is reasonable in view of the rather sharp Laue fringes

along Qz in Fig. 8. This, on the other hand, also means that the nanoparticle sets within

the ROIs exhibit a similar height and relative tilts below 0.09 ◦. A potential nanoparticle

subset giving rise to the scattering intensity in ROI3 with a nanoparticle height of ∼ 60 nm

as deduced by the Laue analysis can be identified in the center of the nanodot-array. All

three full green lines are connecting close-by nanoparticles that are matching the height

range 55 − 65 nm. The dashed green line indicates an alternative nanoparticle pair that

similarly fulfills the constraints in their heights and mutual lateral arrangement imposed by

the Patterson and Laue analyses. For ROI2, the full red lines similarly connect two candidate

nanoparticle sets with a size of 43.9 and 43.5 nm for the first two and 43.0 and 45.0 nm for

the second set, in close agreement with the Laue result of around 41 nm. For the shorter

correlation length that resembles the diagonal of the nanodot-array lattice, two alternative

subsets are marked with red dotted lines in the lower part with similar nanoparticle height

values of 44.3 and 43.5 nm, and 46.3 and 45.0 nm.

For the nanoparticle sets with the smallest heights of around 28 nm in ROI1, a simulta-

neous attribution of nanoparticles in agreement with both, the Patterson and Laue results is

not straightforward. Apart from the limited number of nanoparticles in that size regime the

smallness of the ROI1 nanoparticles implies a broader reciprocal-space signal and related

less-precise size information. An assignment can accordingly be made if one permits a larger

deviation in the in-plane lengths and directions from the real nanoparticle positions as well

as in the heights levels as compared to ROI2 and ROI3. Following this line of argument,

the blue lines in Fig. 9 are connecting, in total, four nanoparticles from the blue and black

size range with a mean height level of 22 nm.

Overall, combining the Patterson and Laue analyses with the AFM and SEM imaging

suggests potential nanoparticle candidates for each of the selected ROIs from which the

scattering signal could originate. It should, however, be noted that the selection of the

nanoparticle sets is not unique and does not generally permit a one-to-one correspondence

of single nano-objects, as is also indicated by the dashed lines in Fig. 9, suggesting alter-

native assignment options. We still argue that for this particular nanodot-array several

independently coherent scattering, i.e., aligned subgroups of nano-objects, can be identified

by their convincing correspondence in the windowed FFTs and the SEM, as well as in the

Laue- and AFM height values. This assignment largely relies on the existence of nanopar-
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ticle tilts, which are splitting up the Bragg peak of the nanodot-array such that each part

has sufficient angular separation from the particle subsets, permitting one to restrict the

analysis to localized ROIs in reciprocal space.

FIG. 10. (a)-(d) Simulation of the coherent Bragg diffraction intensity in ROI2 assuming a three-

nanoparticle subset with different crystal tilts and strain. Nanoparticle diameters are dNP1 =

43.2 nm, dNP2 = 57.5 nm, and dNP3 = 34.0 nm, resembling nanoparticles B3, E2, and B6 or C7,

respectively. Top: simulated intensity; bottom: magnification of the central region. (a) ϵ = 0.000,

tilts of nanodots 1-3 = 0; (b)-(d) tilts of nanodots 1 and 2 = 0; tilt of nanodot 3 = 0.025◦;

(b) ϵ = 0.000, (c) ϵ = 0.003, (d) ϵ = 0.030 (e) Simulated Patterson map with main angular

directions and distances [see, e.g., Fig. 7(b)], indicating the main contributions in real space. (f)

Experimental intensity in the Qx-Qy plane in ROI2. More details of the simulated three-nanodot

arrangements are given in the main text.

Simulation of coherent scattering intensity distribution. The relevance of crystal tilting

for the nanodot-array analyzed here is further elucidated by simulations, which are required

as today’s existing phase retrieval algorithms are not capable of reconstructing the experi-

mentally obtained intensity distribution. To better understand the origin of the latter, we

simulated the coherent scattering intensity of a selected nanoparticle subset in reciprocal

space and analyzed the influence of the nanoparticle size, relative in-plane arrangement in x

and y, tilt, and strain. For simplicity, we chose the intensity distribution in the Qx-Qy plane

in ROI2 in Fig. 7(a). The Patterson map in Fig. 7(b) suggests that it predominantly origi-

nates from three individual nanodots of the Pt nanodot-array, with angular directions and
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relative lateral distances as indicated by the red lines. In Fig. 9 these lines interconnect nan-

odots belonging to the height category ”red” identifying a similar height within 46− 36 nm

as suggested by the Laue oscillations of ROI2 along Qz in Fig. 8. The simulated diffraction

patterns discussed in the following are calculated by considering that X-rays are coherently

scattered by the three-nanoparticle subset using the PyNX code [38]. The origin of the inter-

ference fringes within ROI2 was systematically elucidated by purposely introducing a crystal

tilt for nanoparticle 3, inducing an angular isolation of the scattering pattern in reciprocal

space, as discussed in the section above. The isolation is clearly visible in Fig. S4(b) in the

Supplemental Material [31], where the intensity spot at around Qx = 0.25 nm−1 is predom-

inated by circular interference fringes originating from the 0.15◦-tilted nanoparticle 3. In

contrast, the diffraction signals from nanoparticles 1 and 2 in Fig. S4(b) are overlapping and

coherently interfere, creating fringes directed normal to the mean direction in the Patterson

map, e.g., along the yellow arrow in Fig. S4(a) (see Supplemental Material [31]). Figure S4

further elucidates how the simulated intensity distribution in ROI2 depends on the diameters

of the nanoparticles for selected sizes: Figs. S4(b)-S4(d): d NP1 = d NP2 = d NP3 = 34.0 nm;

Figs. S4(f)-S4(h): d NP1 = 44.5 nm, d NP2 = 40.5 nm, d NP3 = 34.0 nm; and Figs. S4(j)-

S4(l): d NP1 = 44.5 nm, d NP2 = 40.5 nm, d NP3 = 60.0 nm, and selected uniform strain

states with ϵ as defined in Sec. II.F., i.e., Figs. S4(b), S4(f), S4(j): ϵ = 0.00, Figs. S4(c),

S4(g), S4(k): ϵ = 0.03, Figs. S4(d), S4(h), S4(l): ϵ = 0.15. Equivalently, Fig. S5 in the

Supplemental Material [31] shows the intensity distribution of the two-nano-particle interfer-

ence fringes in ROI2 for the other two nanoparticle pairs, NP1-NP3 and NP2-NP3; see the

yellow arrows in Figs. S5(a) and S5(e), where the tilt of NP2 and NP1 was set to 0.15◦, re-

spectively. Here, nanoparticle diameters were chosen as d NP1 = 43.2 nm, d NP2 = 57.5 nm,

d NP3 = 34.0 nm and the strained state was simulated as in Fig. S4 to vary as follows: Figs.

S4(b), S4(f): ϵ = 0.00; Figs. S4(c), S4(g): ϵ = 0.03; and Figs. S4(d), S4(h): ϵ = 0.15.

Figures S4 and S5 overall elucidate the origin of the interference fringes as coherent su-

perpositions of a small number of scattering nanoparticles and stresses the sensitivity to

strain in clearly visible intensity levels and shifts of the fringe position in reciprocal space.

The simulation results in Fig. 10 furthermore suggest that the experimentally determined

intensity in ROI2 reflects a slight crystal tilt of NP3 of = 0.025◦ while the tilts of NP1

and NP2 are zero, when comparing the all-aligned and tilted nanoparticle scenario in Fig.

10(a) and 10(b), respectively. For each, the top images are the intensity distributions in the
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whole simulated reciprocal-space region, whereas the bottom shows magnifications from the

central region that corresponds to ROI2 in Figs. 7(a) and 10(f). Comparing Figs. 10(b)-(d)

for ϵ = 0.000 , ϵ = 0.003 , ϵ = 0.030 , respectively, with Fig. 10(f) indicates that although

there is strain sensitivity (see the systematic variation in strain levels in Fig. S6 in the Sup-

plemental Material [31]), a dominating influence of strain in the three-nanoparticle subset

is not present.

IV. CONCLUSION

We analyzed the coherent X-ray diffraction pattern of an ensemble of more than 40

nanoparticles and identified several nanoparticle subsets as potential candidates that dom-

inate the reciprocal-space intensity in selected regions of interest. Correlative microscopy

based on Pt markers close to the nanodot-array permitted one to combine in-plane and

out-of-plane X-ray scattering data in reciprocal space with real space scanning-force and

electron microscopy. We supported the nanoparticle assignment by simulating the coher-

ent diffraction from three-nanoparticle subsets with angular directions and distances taken

from the applied Patterson analysis. The simulated interference patterns show overall good

agreement with the experimental X-ray intensity in view of the spatial frequencies inside the

analyzed regions of interest and indicate that nanoparticle tilts are important to consider

besides nanoparticle strain. For the particular nanodot-array discussed here, the inter-

ference between particles in the in-plane direction has enhanced the visibility of the height

fringes in the z direction of a nanoparticle subset with similar height and tilt and facilitates

the corresponding data treatment.

In the future, the data analysis could be refined by further restricting the ROIs in the

coherent X-ray maps to selected minima and maxima of the Qx-Qy fringes and deduce the

corresponding height by integrating Qz from that particular region. The analysis of such

coherent diffraction patterns may be simplified by adjusting those geometric parameters of

the nano-arrays that can easily be controlled during the EBL process, e.g., introducing a

larger interparticle spacing and reducing the nanoparticle size, giving more direct evidence on

the origin of interference fringes. Also, the structural refinement could be further detailed by

a multi-Bragg peak analysis, providing additional constraints on the origin of the scattered

X-ray intensity in the real space nano-array.
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Overall, in this work, we could elucidate how coherent X-ray Bragg diffraction can be

utilized to extract structural details of less-perfect but rather common nanoparticle assem-

blies without the need to rely on phase retrieval algorithms with a limited capability of

handling structurally rich arrangements. Such an approach can allow one to potentially

track nanoparticle size and shape changes under in situ or operando reaction conditions,

providing valuable insight into reaction-induced sintering processes.
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