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Bragg projection ptychography (BPP) is a coherent diffraction imaging technique capable of mapping the
spatial distribution of the Bragg structure factor in nanostructured thin films. Here, we show that, because
these images are projections, the structural sensitivity of the resulting images depend on the film thickness
and the aspect ratio and orientation of the features of interest and that image interpretation depends on these
factors. We model changes in contrast in the BPP reconstructions of simulated PbTiO3 ferroelectric thin films
with meandering 180° stripe domains as a function of film thickness, discuss their origin, and comment on the
implication of these factors on the design of BPP experiments of general nanostructured films.

I. INTRODUCTION

Over the last five years, Bragg ptychography has been de-
veloped as a coherent x-ray diffraction imaging technique
used to image extended crystals nondestructively in two and
three dimensions with nanometer-scale spatial resolution and
with picometer-scale sensitivity to internal lattice deforma-
tion [1-4]. Bragg projection ptychography (BPP) was specif-
ically developed for 2D structural imaging of crystalline thin
films and has been used to generate projection images of lat-
tice structure in films [3]. Recently, BPP experiments using
a nano-focused hard x-ray beam yielded images of nanoscale
distributions of strain in semiconductor materials [5] and do-
main morphology and polarization in a single crystal ferro-
electric film [6].

To date, BPP has been applied to samples in which the dis-
tribution of nanoscale features in the sample fulfills a special
geometric case in which sharp boundaries separating regions
of interest (i.e. domain walls or lithographically processed in-
terfaces) are aligned with the diffraction plane. This geomet-
ric case simplifies the interpretation of reconstructed images
but also imposes limitations on sample geometry. Here, we
present a numerical study that explores the impact of these ge-
ometric constraints in BPP experiments of thin films with an
arbitrary in-plane structure. We show that the structural sen-
sitivity of the resulting image depends on the film thickness
and the aspect ratio and orientation of the features of interest.
These results enable BPP experiments to be designed for more
general thin film structural imaging applications. In this work,
we focus on models of ferroelectric stripe domains related to
recent experimental BPP work [6], however, the results are
general and apply to any film characteristics that give rise to
contrast in BPP.

This work provides a basis for reliable and accurate inter-
pretation of amplitude and phase in a two-dimensional coher-
ent Bragg diffraction image reconstruction of thin crystals. In
3D Bragg coherent diffraction imaging, the complex-valued
image reconstruction spatially resolves the scattering struc-
ture factor, and this quantity can in turn be directly used to
quantify lattice distortions in the crystal and the crystal mor-
phology. However, 2D Bragg coherent diffraction imaging
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experiments (including BPP) are often experimentally simpler
and more practical to implement. While simpler to perform,
interpretation of the resulting images is typically more diffi-
cult. Thus, comprehensive investigations of the relationship
between reconstructed Bragg projection images and sample
structure are, in general, needed in order to advance 2D Bragg
coherent diffraction imaging towards increasingly complex-
structured nanomaterials and films. In this context, Dzhigaeyv,
et al. [7] have recently used simulation to investigate the lim-
its under which quantitative strain measurements can be made
with BPP of a faceted nanocrystal.

Here, we investigate the application of BPP to serpentine
polar stripe domains in ferroelectric thin films with the goal of
enabling future experimental studies that visualize local po-
larization (as opposed to lattice strain). Our results uncover
surprising phenomena in the reconstructed images of thicker
ferroelectric domains (i.e. abrupt truncations in amplitude in
a material with constant, continuous physical density), and
serve to highlight the critical importance of using modeling
to guide experimental design and image interpretation in 2D
Bragg coherent diffraction imaging. Such an approach will
enable methods such as BPP to be extended to vastly more
materials systems than have been explored with the technique
to date.

II. MODELING BPP FROM FERROELECTRIC DOMAINS

BPP imaging simulations were performed for model
PbTiOs3 ferroelectric thin films containing ideal 180° polar
stripe domains [8] arranged in the domain pattern shown in
Figure 1(a). This model system is relevant because such a ser-
pentine domain pattern is commonly observed in a series of
thickness and temperature regimes for PbTiO3 [9] and in other
nanoscale ferroelectric thin films and superlattices [10, 11]. In
order to examine the sensitivity of BPP imaging to the widths
and aspect ratios of the domains, films with thicknesses of
3.2,23.2, and 59.2 nm were studied numerically. Real-space
models of the films were generated by populating alternat-
ing domains with distorted perovskite unit cells representing
the structure of a polar, coherently strained, epitaxial, c-axis
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FIG. 1. (a) Simulated single crystal ferroelectric c-axis PbTiOg3 thin
film with serpentine stripe domains. The image shown is a space-
filling depiction of the domain morphology in 3D in which domains
oriented with polarization vectors into and out of the plane of the film
are colored green and yellow respectively. Three films, with thick-
ness of 3.2 nm, 23.2 nm, and 59.2 nm, were generated using this pat-
tern (the 23.2 nm film is shown here). Arrows indicate directions of
the reciprocal lattice vector (Goos) and incident and diffracted x-ray
wavevectors for the 003 x-ray Bragg reflection (k2%3, k£°2). In this
formulation, it is assumed that the x-rays are detected in square recip-
rocal space pixels which is accurately approximated by a small area
detector oriented perpendicular to k?°3. In addition, the reciprocal
space coordinate system q1, g2, g3 is shown. The orientation of this
coordinate system was such that g; and g2 lie in the plane of the area
detector. (b) Atomic structure within the PbTiOg3 unit cell for down
and up directions of the local ferroelectric remnant polarization, cor-
responding to the green and yellow domains in (a). (c-e) Projections
of the calculated focused beam wave field (P]BPP) as projected along
the k%93 vector for each of the film thicknesses considered here.

s PbTiOj3 ferroelectric film grown on a SrTiOj3 substrate [6, 12].
&7 In these models, the positions of atoms within the unit cells
ss had out-of-plane displacements away from the centrosymmet-
g0 ric perovskite structure, as shown in Figure 1(b), and the do-
90 main walls were oriented out of the plane.
ot In order to study the variation of BPP reconstructions with
92 respect to the aspect ratio of the domain pattern, an identi-
93 cal domain period and spatial distribution was used for all
e« film thicknesses. This pattern was characterized by a series
o5 of stripes with a mean period of 12 nm in which the bound-
9 aries between adjacent domains extended vertically from the
o7 top surface of the PbTiOj3 layer to the SrTiO3 substrate. The
98 nanoscale geometric arrangement of domains was chosen to
99 mimic serpentine domain patterns found experimentally [13].
We note that ferroelectric serpentine domain patterns with a
1 relationship between thickness and domain wavelength dif-
ferent from the Kittel-law prediction [14] (as in the simu-
s lated films presented here) have been observed in ferroelec-
tric/dielectric superlattices [15-17].

Bragg ptychography requires a set of diffraction data mea-
sured with a localized x-ray beam rastered over the sample
surface in overlapping steps (typically ~ 50% overlap be-
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108 tween neighboring positions) [18]. To generate such a set of
100 2D coherent nano diffraction patterns (/;) from a 3D model of
1o a ferroelectric thin film illuminated with a nano-focused x-ray
111 beam, we use the projection formalism outlined in Reference
112 [20] at each probe position j:

Ij = |]:R(PJ X FHKL)|2- (1)
113 In this equation, Fyp, is the 3D spatially resolved structure
114 factor of the crystal diffracting at the HKL Bragg condition,
115 Pj is the 3D focused beam wave field at position j, R is a pro-
116 _jection operator that acts along the kg direction, and F is a 2D
117 Fourier transform. In this formulation, it is assumed that the
x-rays are detected in square reciprocal space pixels which is
accurately approximated by a small area detector oriented per-
pendicular to k2%3. In the case presented here, the morphol-
ogy of the stripe domains was encoded in the structure fac-
tor Fygr of the model film due to the fact that the oppositely
polarized 180° stripe domains scatter with different relative
phases at the 003 Bragg condition simulated here [6]. Thus,
voxels within domains with “up”-oriented polarization were
assigned a phase of 1.14 radians and unity amplitude, whereas
voxels in “down”-oriented domains were assigned a phase of
-1.14 radians and unity amplitude. These values correspond
to the relative difference in 003 structure factor of “up-" and
“down-" oriented domains in room temperature 180° stripe
domains in (001)-oriented epitaxial PbTiOgz films on SrTiOg
substrates [12].

The 3D focused x-ray wavefront (F;) incident on the
film was modeled after the x-ray optics at the Hard X-ray
Nanoprobe synchrotron beamline [21, 22]. The simulated
focused beam from a 2.6 mrad numerical aperture Fresnel
zone plate produced an intensity profile in the focal plane
with a full-width-at-half-maximum of 40 nm (calculated fol-
lowing Ref [23]). Simulations were conducted for an inci-
dent wavevector k;°°3 corresponding to the angle satisfying
the 003 Bragg condition at an x-ray wavelength of 1.23 A
(Bpps = 27.5°). The incident and exit wavevectors for the
003 reflection are illustrated in Figure 1(a). A side view of the
scattering angles and the position of the detector relative to the
Ewald sphere is also shown in Figure 3. Scanning probe nan-
odiffraction patterns were generated by moving the 3D sample
relative to the 3D beam in a rectangular grid of 13 x 7 points.
At all points, the sample intersected the focus of the optic and
a 50% beam overlap was enforced between neighboring scan
points. Equation 1 was used to generate a set of intensity pat-
terns as a function of probe position in the far field plane of
the detector (120 x 120 array of 150 pum square pixels, 0.58 m
from sample).

III. ASSUMPTIONS OF THE BPP METHOD

155 In order to enable phase retrieval, the BPP method assumes
that the projection of the probe (R P;) can be separated from
the projection of the 3D crystal structure factor (R Fykr) in

s Equation 1. Thus, from the standpoint of 2D BPP image re-
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construction, Equation 1 is approximated as:

I; ~ | F[(RP;) x (RFuxy)][” - )
In this section, we examine the conditions under which the
assumptions of separability underpinning this Equation are
valid. In the subsequent sections, we discuss a related and
more critical question: under which conditions does a 2D
BPP image reconstruction of R Fykr, encode interpretable and
quantifiable structural information about arbitrarily stripe do-
main patterns? (A question that also extends to more general
heterogeneous film structures.)

We first consider the BPP probe function, which we define
as PP* = RP;. Without considering probe mode decompo-
sition [19], the wavefront of the probe in a ptychography ex-
periment should be invariant throughout the scan (outside of
translation). In a BPP experiment performed at a high diffrac-
tion angle, this condition is most easily satisfied when scat-
tering from thin films with parallel interfaces because the ef-
fective probe PP** is a projection of a 3D wavefield through

the crystal. In such a situation, PP can be readily calculated
[20] and will not vary as a function of position. Examples of
PPP? for the three different film thicknesses considered in this
study are shown in Figure 1(c-e). More complex faceted crys-
tals require that the crystal morphology be known a-priori and
that P; is calculated separately at each sample position, thus
breaking translational symmetry, so we restrict our discussion
here to symmetric Bragg reflections from thin films.

With BPP, given an estimate of PP, we obtain a 2D pro-

jection image of the sample pB* that minimizes total error
with respect to the observed coherent nanodiffraction patterns
at each probe position. When Equation 1 is separable, pBF
corresponds to R Fykr.. Separability, in turn, is achieved when
variations of the sample structure factor Fykr, along the pro-
jection direction vector kg are negligible. In such a case, the
projection operator R integrates over an iso-structural volume
of the crystal for each imaging element, and all structural di-
versity along the k¢ direction in the illuminated volume at a
given probe position is encoded in P;. The contribution from
Fykr in each image pixel is a complex scalar with an am-
plitude proportional to the thickness of the film and a phase
equivalent to the structure factor of the crystal unit cell (that
remains constant along the direction of integration). Because
Fyx1. does not vary along kg, the quantity R(P; x Fyky) in
Equation 1 can be expressed as (RP;) x (nF%S ), where n is
the number of unit cells along the line of integration, F}l{JKCL
is the structure factor of a unit cell along this line. When
Fyky is iso-structural along k¢, the BPP image reconstruction
pBPP directly images nF5;§, which can readily be interpreted
in terms of the distribution of unit cell structure factor, and
nFg§ = RFux under these conditions.

An iso-structural integration of this sort can be enforced in
two ways: i) by ensuring that borders between differently scat-
tering regions of the sample are parallel to the scattering plane,
and ii) by imaging films with mostly 2D in-plane structure
and shallow thicknesses as compared to the in-plane feature
size. BPP experiments performed to date have been designed
to meet these criteria and have yielded images that can be in-
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terpreted in terms of the underlying lattice structure within
thin film. Samples were chosen to satisfy the above criteria
in order to ensure that the structure factor is mostly constant
along the exit beam direction (k¢). In these studies, 2D images
of projected laterally-varying strain fields were reconstructed
in patterned semiconductor films [3, 5], and local variations
in polarization in linear ferroelectric domains were success-
fully measured [6]. Conversely, a recent numerical study of
BPP from a hexagonal nanowire crystal concluded that quan-
titative imaging of strain fields from pB"" of a faceted crystal
with a strain field that varies along ks is complicated above a
certain strain threshold [7].

IV. RESULTS

With these constraints in mind, we address the following
question: what aspects of the physical structure of the film can
be gleaned from pB** when structural boundaries in the film
are not aligned with the scattering plane and when the sample
thickness increases relative to lateral in-plane features. We
examine this question for the case of pP* reconstructions of
serpentine ferroelectric domains in a single crystal thin film
with out-of-plane domain wall orientation. Such a sample is
more complex relative to samples studied with BPP to date,
and it represents a step towards the application of BPP to more
general nano- and meso-structured materials.

Using the appropriate projected beam image (P;*) for
each film thickness (Figure 1(c-e)), the Ptychographic Itera-
tive Engine (PIE) [24] was used to reconstruct projections of
the diffracted structure factor in terms of amplitude and phase
(pB%P) of each film thickness condition. Example 003 Bragg
nanodifffracation patterns from the simulated data set used for
these BPP reconstructions are show in Column III of Figure
2. Calculated diffraction patterns used in the BPP reconstruc-
tions are shown from two regions of the film, one with domain
boundaries that are predominantly perpendicular to the scat-
tering plane, and one in which the domains are mostly parallel
to the incident beam. In these BPP reconstructions, PJBP P for
each thickness was known exactly and was not refined dur-
ing the course of the reconstruction (though probe refinement
could be implemented [25, 26]). In addition, noise-free inten-
sity patterns were considered in order to reconstruct pPF at
the highest available spatial resolution. The BPP results are
shown in Figure 2(a-c) in terms of amplitude and phase.

Figure 2 also features an image of RFpkr calculated di-
rectly from the 3D structure factor of the polar domain pattern
in the PbTiO3 films projected along the k¢ direction. In com-
paring the amplitudes and phases of pB" with R Fyky, it is
apparent that pggp replicates the major features of R Fyxp.
The difference between ppgr. and R Fyky increases with film
thickness because more variation in structure factor along k¢
is introduced in certain areas as film thickness increases, and
the approximation underpinning Equation 2 is less valid un-
der these conditions. Nevertheless, the amplitude and phase
maps generated by BPP reconstruction and by direct projec-
tion largely mirror one other.

The more salient question then becomes: under what condi-
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FIG. 2. Columns I and II show projections of Fpo3 in terms of ampli-
tude and phase respectively for simulated PbTiO3 films with thick-
nesses of (a) 3.2, (b) 23.2, and (c) 59.2 nm. R Foo3 projections that
were calculated directly from the model films are compared with
those reconstructed by BPP (p®") from simulated Bragg coherent
diffraction patterns. Examples of diffraction patterns from two re-
gions of film are given in Column III corresponding to points labeled
with circle and square symbols in Column II. The vertical detector
direction (g2) is parallel to the scattering plane (along the 26 direc-
tion), and the horizontal (g ) is normal to it.

tions can physically meaningful characteristics about the do-
main structure in the film be interpreted from a pBP

about the system that is retrievable with BPP.

image?
The R Fykr. images in Figure 2 represent a best-case scenario
for BPP phase retrieval of the domain patterns as a function
of film thickness. They contain all the structural information
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The simulation results show clear trends as a function of
thickness of the PbTiO3 layer. In the 3.2 nm thick film, the
projected Fpps amplitude is, to a large degree, uniform and
the phase of the stripes is well-resolved and in agreement with
the expected phases of the alternating stripes (£1.14 radians)
regardless of their in-plane orientation. However, areas of the
film where the domain walls are perpendicular to the scatter-
ing plane show pronounced striping in the amplitude as well
as more poorly resolved phase contrast. This effect becomes
more pronounced as the film thickness increases. In this case,
the fidelity of domains oriented away from the scattering plane
further deteriorates. At a film thickness of 59.2 nm, only re-
gions of the sample where domains are oriented within a few
degrees of the scattering plane show amplitude and phase con-
trast comparable to the thin 3.2 nm sample. In all other regions
of the thickest sample, the underlying structural details of the
sample are obscured.

We also note that in the case that the film is thick enough
that the path length of the incident beam through the film is
comparable to the absorption or diffraction extinction lengths
of the crystal, then the BPP reconstruction will not correspond
fully with the projection image of the structure factor. Under
such conditions, the probe intensity drops appreciably as it
penetrates the material, and scattering features near the top
interface of the film will be contribute more strongly to the re-
sulting diffraction patterns (and subsequent image reconstruc-
tion) than features near the substrate. However, at hard x-ray
energies these lengths are of order several microns in typical
materials, well away from the thin film kinematic scattering
regime considered here.

V. DISCUSSION AND CONCLUSION

This reduction of contrast observed in pB*" and R Fyk in
the thicker films occurs due to geometric effects. The contrast
deterioration can be understood both in terms of film thickness
effects in the diffraction patterns and in terms of the domain
aspect ratio and orientation at a given exit beam angle. We dis-
cuss both interpretations here, and, in this light, we comment
on the design of BPP imaging experiments of nanostructured
thin films.

When considering films with thicknesses of only several
unit cells, the projection R occurs over a very shallow depth,
and the geometry approaches a surface reflection ptychogra-
phy experiment in which all in-plane features are preserved
[27, 28]. In such an experiment, the average scattering pattern
from the domains in the film will form a uniform-intensity
halo about the Bragg peak in the detector. Similarly, a focused
beam nanodiffraction experiment from a very thin PbTiO3
film will encode information from all domain orientations
equally in the detector. This case is exemplified in the scat-
tering patterns in Figure 2(a). A ring of scattering (elongated
along g2 due to the intersection of the detector and Ewald
sphere) is present about the Bragg peak (the annulus in the
center of the detector). The presence of strong satellite peaks
reflect the orientation and spacing of the local domains illu-
minated at a given beam position.
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FIG. 3. Thin film satellite peaks near a Bragg reflection are depicted
from periodic structure in the film oriented perpendicular to the scat-
tering plane. (a) Thin films, in which the diffuse scattering is dis-
tributed in an extended rod along a direction normal to the surface
(along the crystal truncation rod, CTR). (b) Thicker films have a nar-
rower distribution of intensity in the CTR direction. The thickness of
the film will affect the observed intensity of the satellite peaks in the
detector along the g2 detector direction.

As the film thickness increases from 3.2 nm to 59.2 nm,
the effect of film thickness on the coherent diffraction pattern
becomes more pronounced. The finite size of the film in the
out-of-plane direction (along the direction of the crystal trun-
cation rod) introduces a modulation of the coherent intensity
pattern of the form sin(g)/q [29]. This intensity-modulating
envelope acts along the surface-normal direction (along the
crystal truncation rod) and is inversely proportional to film
thickness. Thus, as depicted in Figure 3, the intensity of satel-
lite peaks along g2 are increasingly modulated and damped
by this envelope function as the film thickness increases. In a
BPP data set that is measured a fixed Bragg angle, informa-
tion about domains oriented normal to the scattering plane is
encoded along this g, direction of the detector. As a result,
structural information about such domains in this material is
very weakly encoded in thicker films (> 30 nm) due to crystal
truncation rod modulation of the satellite peaks.

This effect can be seen when considering the nanodiffrac-
tion patterns in Figure 2. In Figure 2(a), the Bragg peaks
are surrounded by a pair of ordered satellite peaks. For the
3.2 nm thick film, the satellite peaks in the diffraction pattern
from the region of the film with domain walls oriented per-
pendicular to the scattering plane (circular mark) are nearly as
intense as those from the region where domains are aligned
parallel to the scattering plane (square mark). With thicker
films, very little information about domains oriented perpen-
dicular to the scattering plane is encoded in the data set. Thus,
in a BPP imaging experiment, the corresponding regions of
the film will appear as weakly scattering (low amplitude), and
with weak, ill-defined phase contrast. By contrast, the do-
mains aligned with the scattering plane do not suffer from this
effect because the thickness-dependent envelope function acts
only along g2 and not ¢; at a symmetric Bragg peak, so scat-
tering from parallel-aligned domains is not damped for all film
thicknesses.

Alternatively, one can explain this phenomenon in real
space by considering the number of projected domain walls
in a given area of a BPP reconstruction pB". This metric
quantifies the degree to which the k¢ projection within a local
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FIG. 4. A contour map is shown as a function of film thickness ¢
and degree of domain wall orientation ¢ relative to the scattering
plane for thin film PbTiO3 domains with vertical domain walls. Here,
the number of domains N projected in a given pixel is shown for a
domain width of dp = 12 nm and an exit beam angle of 5, = 27.5°
that defines the projection plane. Circles and squares correspond to
regions of the PbTiO3 model indicated in Figure 2. The black and
red contour lines correspond to values of N = 1, 4 respectively.

volume is iso-structural. In the case of the PbTiOg ferroelec-
tric films considered here, this metric depends primarily on
the aspect ratio of the domains and their local alignment with
respect to the scattering plane at a given Bragg angle. Figure
4 shows the number of projected domains in a given volume
(N) as a function of domain aspect ratio (¢/dp) and domain
orientation angle (¢) at a symmetric Bragg angle of 27.5°. A
value of ¢ = 0 corresponds to domain walls that are parallel
to the scattering plane, ¢ denotes the out-of-plane film thick-
ness, and dy is the average in-plane domain width. Red and
black curves are equal-N contours for N = 1,4 domains re-
spectively. Also shown on the plot are the two regions of pB?
considered in Figure 2 (circle and square markers) for film
thicknesses of 3.2, 23.2, and 59.2 nm.

These curves can be considered as a two-level criterion for
resolving meandering stripes in PbTiO3 with BPP. Maintain-
ing a value of N < 1 (black contour) for all in-plane do-
main orientations ¢ present in the film ensures that the phase
contrast of the stripe domains in pBF® is at least 90% of the
PbTiOs3 structure factor phase of an up- or down-polarized
unit cell within a given domain. In this regime, the phase
of pBPP can be directly converted to quantify the local polar-
ization in the film. The red contour represents ~50% phase
contrast accuracy in pBFF relative to the un-projected structure
factor values. (Estimates of phase contrast accuracy based on
analysis of line cuts through /R Fykr in Figure 2.)

These criteria can be used to plan BPP experiments that
produce images for different types of analysis. For example,
full quantification of the local out-of-plane polarization within
individual ferroelectric domains (as demonstrated experimen-
tally in Ref [6]) requires phase contrast in pBFF that can di-
rectly be related to the underlying lattice structure, i.e. N < 1.
For this reason, the experiment in [6] was designed and per-
formed such that N ~ 0.6 was maintained for a 25-nm-



s03 thick PbTiO3 film with 11-nm-wide 180° ferroelectric strip
a4 domains. On the other hand, studies that emphasize uncover-
ing the domain morphology rather than polarization, for exam-
ple, in the buried layers of a ferroelectric device or superlattice
[30], can be designed to maintain N ~ 4 via a combination of
domain width, domain orientation, layer thickness, and Bragg
scattering angle.

The quantity p°*" closely approximates a fixed-angle pro-
jection of the structure factor of the sample at a given Bragg
condition. The geometric details of this projection with re-
spect to the features of interest in the film must be understood
in order to extract meaningful physical properties about the
sample from the resulting image. We note that, though the
above discussion focused on 180° stripe domains in PbTiO3
films, the concepts presented are general and apply to BPP
experiments of various nano structured films, including those
with internal strain fields. In this light, we conclude that care-
ful consideration must be given to the design of BPP exper-
iments, and that projections of structural models of the sam-
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ple are often necessary for interpreting the contrast of a BPP
image. This is especially true for complex nanostructured
thin films that deviate from an iso-structural projection along
the exit beam direction. Enabling such an imaging capabil-
ity opens the door to in-situ studies of nanostructured films
under working conditions that can capitalize on the orders-
of-magnitude improvements in brightness at next-generation
synchrotron sources being commissioned worldwide [31].
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