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Sample preparation

The two batches of PbS nanocrystals utilized in this study with diameters of 6.2 nm (for all X-
ray experiments and the electron micrographs in Figs. 1a-d and 10.7 nm (for the electron
micrographs in Figs. le-f) were synthesized following Weidman et al' Neutral
tetrathiafulvalene dicarboxylic acid was synthesized, deprotonated to TTFDA and used as a
directional linker during a solid/air assembly of PbS nanocrystals into superlattices similar to
a previously described method.? The sample to be coated was deposited in a tilted vial with an
angle of about 20° with respect to the bench surface. The substrate was submerged in a
diluted nanoparticle suspension and the vessel opening was covered to slow down
evaporation. After waiting for half a day, the solution had receded, covering the substrate with
multi-layered nanocrystal assemblies. The sample was covered with a solution of TTFDA
(1 mg/mL in acetonitrile) for 30 min for ligand exchange. After subtraction of the ligand
solution, the ligand-exchanged films were carefully washed with excess acetonitrile in order
to remove excess ligand. The film thickness was estimated by scanning electron microscopy
using a tilted holder. Typical thicknesses of the prepared structures were in the range between
100 — 200 nm.

For electron microscopy, copper grids coated with a thin amorphous carbon film were applied
as substrates. For X-ray experiments, we utilized 5 mm x Smm Si frames with a 500 pm x 500

pum window consisting of a 50 nm thick Si3Ns membrane (PLANO) as substrates.

X-ray diffraction experiment

The X-ray diffraction experiment was conducted at the Coherence Beamline P10 of the
PETRA III synchrotron source at DESY. The nanodiffraction endstation GINIX was used to
focus an X-ray beam with energy E = 13.8 keV (A = 0.898 A) down to 400 x 400 nm? size

with KB-mirrors.> The depth of the X-ray focus was about 0.5 mm. The sample was



positioned perpendicular to the incoming X-ray beam, and an area of 13.6 x 20 um? was
scanned to analyze the spatial variations of the samples’ structure. Within this scanning
region, 1785 diffraction patterns were collected on the 34 x 50 raster grid with a 400 nm step
size in both directions. Each diffraction pattern was collected with an exposure time of 0.5 s
to prevent radiation damage, which was confirmed by repeating the scanning procedure
several times on the same position of the sample. A two-dimensional detector Pilatus 1M
(981x1043 pixels of 172x172 um? size) was positioned downstream at a distance of 46 cm
from the sample and shifted approximately by 8 cm to the side (Fig. 2). In such geometry, we
were able to detect the scattering signal from the SL as well as from PbS AL simultaneously.
Only a part of reciprocal space in wide angle scattering was accessible with the detector. The
detector resolution of SAXS was about 0.03 nm™ and in the region of WAXS — approximately

0.02 nm™'. The measured signal was corrected for background scattering.

X-ray cross-correlation analysis

The CCFs C(q4, q2, A) were calculated according to the equation

T
1
C(q1,92,0) = o f 1(q1, 9)1(q2, ¢ + A)do,
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where 1(q, @) is expressed in polar coordinates on the detector plane, g; and ¢, are two
magnitudes of the momentum transfer vectors, ¢ is an angular coordinate around a diffraction
ring, —m < A < 1 is an angular variable (Fig. 2). To obtain statistically meaningful data,

CCFs were averaged over a large number of measured diffraction patterns

M
1 .
(C(Ch, qZ: A))M = MZ Cl(‘h: QZ:A) '
i=1



Here index i enumerates diffraction patterns, M is total number of measured diffraction

patterns and (... },,; denotes ensemble averaging.*

In the present work, the scattered signal in the WAXS region was limited by the detector size.
In this case, one can still evaluate two-point CCF C(q;, g2, A) by applying a mask W (q, ¢),
which is equal to unity in the regions where the scattering signal was measured and to zero
outside of the detector. Using such a mask allows one to consider only a pair of points in the

CCF that both lie within the detector area. In this case, the CCF should be evaluated as

ST 1(q0, @)W (a1, 0)1(q2, @ + DW(qz ¢ + A)de
S5 W (g1, @)W (g2, ¢ + A)de

C(q1,92,0) =

In our work, the signal in the SAXS region was recorded by the detector completely, so
W (q3zt, @) = 1, except for the region shadowed by the beamstop holder, where W (q3~, ) =
0. In the WAXS region the mask W (q{il;, ¢) was set to zero outside the detector (for ¢ <

—45° and ¢ = 45°) and in the region of detector gaps. For all other points, W (g4, ¢) = 1.

Analysis of the angular averaged signal in SAXS region

In order to determine the structure of the SL we performed analysis of the angular averaged
scattered signal in the SAXS region. After subtraction of a measured background from the
diffraction data and integration over the azimuthal variable ¢, we obtained a q-dependence of
the SAXS signal 1(q), which is shown in Fig. S1a. We observe four scattering peaks from the
SL at gi£ =0.98nm™?, ¢g5¢ = 1.08 nm™?! , ¢3¢ = 1.34nm™?! and g3L = 1.72nm™!. The
first two peaks are not resolved completely, if the signal averaged over all measured
diffraction patterns is considered. However, on individual diffraction profiles two peaks at
q:L and g5* are well distinguished. We attribute these peaks to the {011}, {110}, {002} and

{112} families of reflections of bec lattice with tetragonal distortion. If we fix the value of the



tetragonal distortion obtained from XCCA (c/a = 1.22), the best fitting of the diffraction
peak positions was obtained for a bct structure with unit cell parameters a = b =79 +
0.4 nm and ¢ = 9.7 + 0.4 nm (for such a lattice g;* = 1.03nm™?, g5* = 1.13 nm™ %, g3* =

1.30nm ! and g3* = 1.72 nm™1)

Due to the inhomogeneity of the sample and imperfections of the SL, the determination of SL
unit cell parameters becomes challenging. In Fig. S1b the g-positions of the {011}, {110},
{002} and {112} reflections are shown as a function of the diffraction pattern number. It is
clearly visible that these values fluctuate depending on the position on the sample, which
means that the structure of the SL is slightly position-dependent. In Figs. S1(c-d) two
spatially resolved maps represent how the unit cell parameters a and ¢ of the bct superlattice
change depending on position on the sample. Within the domains marked in Figs. S1(c-d)
with white lines the values of the bet lattice parameters are a = b = 8.1 £ 0.4 nm and ¢ =

9.5 + 0.3 nm, that is in good agreement with values obtained from XCCA analysis.
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Figure S1. a) The q-dependence of the angular averaged intensity {1(q, ¢)),. b) g-position of
the scattering peaks for different individual diffraction patterns. c¢)-d) Spatially resolved map
of bet superlattice parameters a (¢) and ¢ (d). The domains (see Fig. 4) are shown with white

lines.
Evaluation of angle 28 between two {112}s1 peaks for the bct structure

The unit cell of the bct structure is based on three orthogonal vectors a, b and ¢ with moduli
|a] = |b| = a and |c| = ¢ (see Fig. S2a). Corresponding vectors of the reciprocal lattice are

also orthogonal, so the Gram matrix for the reciprocal space is

27T/a2 0 0 \‘
G=| o 2%/, 0o | (@

0 0 27T/C2/

A diffraction pattern from a bct lattice oriented in such a way that the [110] direction is
parallel to the incident X-ray beam is shown in Fig. S2b. The angle 2 between two
Bragg peaks from {112} reflections can be evaluated as

ulGv

cos2fp = ———,
g VuT GuvvT Gv

(2)

where u” = (1 —12) and vT = (=11 2) are the indexes of two reflections and T denotes
transposition. Substituting the Gram matrix (1) into Eq. (2) and solving the obtained equation

for the angle £ yields
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Figure S2. a) Unit cell of the bct structure. b) Positions of the Bragg peaks from the bct

structure if [110] direction is parallel to the beam.

Spatially resolved map of misorientation between the superlattice and atomic lattice

At many positions on the sample, one can unambiguously determine both orientations of SL
and AL (see spatially resolved maps in Figs. 4a-b). For these positions, we can directly
calculate a mismatch between the angular orientation of SL and AL. Let us assume that the
directions [110]4; and [110]g; coincide and they are perpendicular to the sample surface. In
this case, both SL and AL can rotate around this axis. Thus, we can measure an angular
mismatch y between SL and AL by considering an angle between [001],, and [001];
directions (or equivalent angle between [110],, and [110]s, directions). In case of perfect
alignment this angle is equal to zero, and it can be positive or negative depending on the

direction in which PbS particles are rotated with respect to SL (see Fig. S3a).
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Figure §3. a) Schematic representation of reciprocal space. Diffraction peaks from the AL
are shown with red color, and diffraction peaks from the SL are shown with green color. A
mismatch angle y between [001]4; and [001]g; directions represents misalignment between
SL and AL. b) Spatially resolved map showing the angular mismatch between orientations of
SL and AL. Dark blue regions correspond to points on the sample where orientation of the SL
or AL, or both, could not be determined. Typically, the angular mismatch between SL and AL

lies in the range from -2.5° to 2.5°.

The spatially resolved map of the mismatch angle y for some region of the sample is shown
in Fig. S3b. Different values of the angle are represented by different colors, and dark blue
color corresponds to the regions, where the mismatch angle could not be obtained, due to
absence of scattering signal or ambiguity in determination of SL or AL orientation. The mean
value of the mismatch angle is equal to approximately 0.1°, which indicates that PbS
nanoparticles can be rotated in any direction with respect to the SL (otherwise the mean value
would significantly differ from zero). The standard deviation for the mismatch angle is about
2.5°, indicating that the PbS nanoparticles are aligned with respect to the SL and can only

slightly be rotated around the preferred orientation within an angle of few degrees.



On the effect of orientational disorder between atomic lattices

If all atomic lattices were perfectly aligned with respect to each other, the PbS [110] direction
would be precisely parallel to the incident X-ray beam for all atomic lattices. In such a case,
the Ewald sphere does not intersect with the PbS {111} Bragg reflections, even upon taking
into account the finite size of the PbS nanocrystals and the associated broadening of the Bragg
peaks. In general, angular disorder of the AL relative to the SL should be characterized by
two angles, A®,, and Ad,,,;, which will cause broadening of the PbS {111} reflections (see
Fig. S4). In our experiment A®,,,; # 0, so significant intersection with the Ewald sphere is
possible for most nanocrystals albeit the general [110] orientation. This is why the {111}
Bragg peaks are indeed frequently observed by us (see Fig. 3a-d). Elongated shape of the
diffraction peaks in azimuthal direction (see Fig. 3e) implies A®,, # 0. Since it is impossible
to distinguish effects of these two angles by analysis of diffraction patterns only in
transmission geometry, we assumed that A®,, = Ad,,,, ~ AD, that allows us to characterize

the angular disorder by a single value A®.

To quantitatively characterize angular disorder we assumed that the width of the 111 AL
diffraction peaks in radial direction is determined only by Sherrer broadening, and the width
in azimuthal direction is determined by Sherrer broadening as well as angular disorder (see
Fig. 3 (e-g)). Thus, the azimuthal profile of the Bragg peaks can be described as a convolution
of its radial profile and orientational distribution function. Therefore one can write (Aq,,)? =
(AGraq)? + (Aqap)?, where Aq,, and Aq,qq are FWHM of the diffraction peak in azimuthal
and radial directions, respectively, and Agag is broadening of the diffraction peak in radial
direction caused by orientational disorder. In this case, the value of A® can be estimated as

AD = Aqpe/qits = 10°.
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Figure S4. Scheme of reciprocal space with the {111}aL reflection from PbS in case of
orientational disorder in the atomic lattice. The Ewald sphere is shown in blue color, and
Bragg peaks are depicted in red color. Bragg reflections {111}aL are broadened in two

orthogonal directions due to orientational disorder A®,, and AD,,,;.

Evaluation of the model cross-correlation function

For a realistic model of the experimental conditions, it is not enough to take into account the
size of the detector that limits the measured scattering signal in the WAXS region. One also
has to consider the fact that the sample can be oriented differently with respect to the detector.
Thus, an angle § between the [110],, direction of the AL and direction ¢ = 0 is not
necessarily equal to zero (see Fig. Sb). Moreover, this angle can vary from one diffraction
pattern to another. Due to that we calculated the model CCF as an average over all possible

values of angle §



Cmodel(A) - f C(A S)exp [__ (4)
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Here, we assume a normal distribution of the angle 6. The best fit with the experimental CCF
was obtained for the standard deviation g5 = 0.15 (8.6°) and mean &, = 0.045 (2.6°). A
non-zero value of parameter §, indicates that the sample was misaligned with respect to the

detector. The CCF C (4, §) was obtained according to the following procedure

f - Twaxs(@, )Wwaxs(@)lsaxs(@ + A, 8)Wsaxs (@ + A)d<P

C(AB) =
(4.0 = f Wwaxs(@)Wsaxs(@ + A)d

)

Here Wiy 4xs(@) and Ws,xs(¢) are masks in the WAXS and SAXS regions, respectively. The

intensity of the WAXS peaks is modeled by a sum of Lorentzian functions

4

2
Ywaxs
Iy axs(@,8) = Awaxs Z ; > 5 ) (6)
i=1 (‘P -6-— (PWAXS) + Yivaxs

where Ay axs = 2.3 is a constant scaling factor, Yy axs = 0.09 (5.2°) is the half width at half
maximum of a diffraction peak. If the coordinate system is introduced as shown in Fig. 5b,

the angular positions of the 111aL diffraction peaks in WAXS region are @Y 45 =

(7 +6,-0, 0, T—6,} ~ {—144.74°, —35.26°, 35.26°, 144.74°}, where 6 = arctan (%)

The intensity from the bct structure along the [110] zone axis, Is4xs(¢), was modelled in the

same way as a sum of four Lorentzian peaks

4

2
Vsaxs
Isyxs(®,8) = Asaxs Z l. > p— (7)
i=1 (40 -6— ¢SAXS) + Ysaxs

where Asaxs = 17, Vsaxs = 0.03 (1.7°), @§axs = (—=1/2 = B,—1/2 + B, /2 — B, /2 +
B}, and B is an adjustable parameter. To simulate experimental conditions, we also added a

noise to Iy, 4xs(@, 6) and Is,xs(@, §), modelled as a uniformly distributed signal in the range



from -2 to 2. Using the values indicated above for the angular positions of the diffraction
peaks in Egs. (6) and (7), we assumed that the SL and AL are perfectly aligned with respect to
each other, i.e. Y = 0. Fitting the positions of the model CCF peaks to the experimentally

obtained values yields f = 40.7°.

In the experiment, we were able to measure simultaneously the signal in the SAXS region for
all azimuthal angles, however in the WAXS region we were restricted by the detector size and
measured the scattering signal only in the angular range of approximately 90° azimuthally. To

simulate the effect of finite detector size we used the following mask for the WAXS signal

—45° < @ < 45°

1,
Wwaxs(®) = { 0, otherwise

, (8)

while Ws,xs() =1 for —180° < ¢ < 180°. To represent the effect of the detector gaps,

beamstop and shadow from the beamstop holder, we also set these points to zero in

Wi axs(@) and Wsaxs(@).
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