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Reconstructing the 3D Coordinates of Guest:Host OLED
Blends with Single Atom Resolution

Lachlan Packman, Bronson Philippa, Almantas Pivrikas, Paul L. Burn,*

and lan R. Gentle*

1. Introduction

The performance of electronic and semiconductor devices is critically

dependent on the distribution of guest molecules or atoms in a host matrix.

1.1. Morphology of Guest:Host Blends

One prominent example is that of organic light-emitting diode (OLED)

displays containing phosphorescent emitters, now ubiquitous in handheld
devices and high-end televisions. In such OLEDs the phosphorescent guest
[normally an iridium(l11)-based complex] is typically blended into a host
matrix, and charge injection and transport, exciton formation and decay, and
hence overall device performance are governed by the distribution of the
emissive guest in the host. Here high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) is used with depth
sectioning to reconstruct the 3D distribution of emissive iridium(lll)
complexes, fac-tris(2-phenylpyridine)iridium(l11) [Ir(ppy);], blended into the
amorphous host material, tris(4-carbazoyl-9-ylphenyl)amine (TCTA), by
resolving the position of each single iridium(lll) ion. It is found that most
Ir(ppy); complexes are clustered with at least one other, even at low
concentrations, and that for films of 20 wt.% Ir(ppy), essentially all the
complexes are interconnected. The results validate the morphology of blend
films created using molecular dynamics simulations which mimic the
evaporation film-forming process and are also consistent with the
experimentally measured charge transport and photophysical properties.
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In a number of areas of technology,
the 3D distribution of guest molecules
or atoms in a host matrix is critical to
the performance of the device, particu-
larly in technologies that contain organic
semiconductors and perovskites, as well
as separators and solid-electrolyte inter-
phases in batteries amongst many others.
Efficient organic light-emitting diodes
(OLEDs) fabricated using evaporation-
based techniques are composed of mul-
tiple layers with the key emissive layer
comprising a guest-host blend. It has
been generally assumed that as the con-
centration of the light-emitting guest is
low in the emissive layer, the evapora-
tive process leads to films in which the
guest is evenly distributed throughout
the film.ll However, in the cases where
the guest-host blend films are essentially
amorphous and both components are of
similar chemical nature (e.g., with re-
spect to electron density), it is difficult
to probe the film structure experimentally. That is, a key issue
in such studies is the ability to have sufficient contrast between
the components in the film. Furthermore, many experimen-
tal techniques that are used to study film morphology only
provide an average of the ensemble of molecular distribu-
tion within the film. For example, neutron reflectometry studies
of fac-tris(2-phenylpyridine)iridium(III) [Ir(ppy),] in deuterated
4,4'-bis(carbazol-9-yl)biphenyl [CBP] (in which the deuterated
host provides the contrast with the guest) showed that the
Ir(ppy); molecules were, on average, evenly distributed through
the depth of the film.”!) However, reflectometry only provides in-
formation in the direction normal to the interface, and there are
clear inferences from indirect experimental methods that there
are intermolecular interactions between guest molecules within
the host. For example, decreases in the photoluminescence
(PL) quantum yield (PLQY) or lifetimes of blends can indicate
that the emissive species are interacting. Given the difficulty
of experimentally determining the location of the molecules at
atomic resolution, there have now been a number of reports
of molecular dynamics simulations developed for mimick-
ing guest-host film formation.3®/ One of the most realistic
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simulation methods for mimicking the evaporation process has
led to simulated Ir(ppy);:TCTA blend film morphologies that
were consistent with the measured photophysical and charge
transport properties of the films.’! However, to date, there has
not been a systematic study experimentally mapping the position
of the guest in the host at different concentrations to directly
validate the simulated film morphologies.

OLED emissive layers that contain heavy metal complex emit-
ters provide an opportunity to validate the simulated film mor-
phologies directly, as the electron density associated with the
metal is significantly higher than the associated ligands and host
material. High-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) can in principle be used
to identify the location of metal atoms in an organic matrix. We
are aware of only a single report of the use of HAADF-STEM for
studying the location of the metal complexes in phosphorescent
emissive films.l!l The report showed HAADF-STEM images of
a 10 wt.% Ir(ppy);:TCTA blend and it was found that the guests
were not homogeneously distributed but could aggregate. How-
ever, it was unclear from the report whether the observed clusters
were simply on the surface of the film or throughout its bulk.

In this manuscript, we report a HAADF-STEM method that
can be used to determine the 3D distribution of phosphores-
cent emissive guests within an OLED emissive layer blend with
atomic resolution. We describe the experimental process re-
quired to give the depth profile as well as the analysis method that
enables visualization of the location of the emissive guests. Evap-
orated films composed of blends of Ir(ppy); in TCTA with guest
concentrations of 1, 6, 10, and 20 wt.% were used to develop and
demonstrate the method. Finally, we compare the distribution of
the Ir(ppy); guest molecules with the simulated film morpholo-
gies of the same materials and blend ratios and discuss how it
relates to observed experimental properties.

2. Results and Discussion

2.1. Single Atom Resolution with HAADF-STEM

To investigate Ir(ppy); guest distribution within the TCTA host,
10 nm thick films were evaporatively deposited onto pure silicon
transmission electron microscopy grids (see Methods section).
The films were formed using co-evaporation with the guest:host
ratio varied between 1 and 20 wt.% based on the relative evapora-
tion rates of the two materials. Imaging of the blended films was
performed on a Cs-corrected Hitachi HF5000 (>78 pm resolution
in STEM mode). The combination of the spatial resolution and
the atomic number contrast of the signal from the HAADF de-
tector of this instrument enabled the distinguishing of the guest
from the host by imaging the iridium(III) ion at the center of
an Ir(ppy); complex. It is important to note that in the raw ex-
perimental data, the regions of high electron density (greatest
intensity) in HAADF-STEM images would typically be pictured
as white spots on a dark background. However, all the HAADF-
STEM images in this manuscript are shown inverted for clarity,
as it is easier to visualize a relatively smaller number of black im-
ages on a white background. Figure 1a is a HAADF-STEM image
of a 10 wt.% Ir(ppy);:TCTA blend film generated from a series of
horizontal beam scans from the top of the image to the bottom.
The scan time used to collect the image was 10 s. It is immedi-
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ately apparent that there are small dark spots within the image,
ranging from dark grey (almost black) to much lighter shades,
which arise from the iridium(III) ions in the center of the com-
plexes. The range of spot intensities (grey scale) observed arises,
at least in part, from the iridium(III) ions being located at differ-
ent depths within the film, which will be discussed in more de-
tail later. The pixel size in these images is 0.024 nm and based
on the diameter of an iridium(III) ion being 0.164 nm, a sin-
gle iridium(III) ion appears as a series of spots encompassing
7 pixels.”) Figure 1b illustrates a single iridium(I1I) ion (under-
lined in red) in the region highlighted by the red box in Figure 1a.
The zoomed-in view of Figure 1D illustrates the individual pix-
els making up an iridium (III) ion and confirms the single-atom
resolution of the measurement. The key point from Figure 1a is
that when Ir(ppy); is at a concentration of 10 wt.% in TCTA, the
complexes exist both as separate isolated complexes as well as
aggregated clusters of various sizes. Note that this is a frozen im-
age of the features, whereas it is understood that the regions of
high electron density are not static (see Video S1, Supporting In-
formation) and show statistical movement, although the average
net displacement of electron-dense regions is zero. The movies
in Video S1 (Supporting Information) are drift corrected, mean-
ing that the net displacement of electron-dense regions between
subsequent frames has been corrected during image processing.
This drift is not due to the Ir(ppy); complexes diffusing but is, at
least in part, a result of experimental factors such as thermal fluc-
tuations, vibrations, stage movement and magnetic field effects.

As HAADEF-STEM is a transmission technique, the overlap of
multiple iridium(III) ions occupying the same lateral coordinates
but at different depths results in an increase in the number of
scattering events and thus intensity in the HAADF-image. Fur-
thermore, weaker scattering from the many carbon atoms of the
host and ligands of the complex also contributes to the observed
background signal. The fact that a number of scattering events
occur is confirmed by the image generated using the secondary
electron (SE) detector (essentially a scanning electron microscopy
(SEM) image with single atom resolution) (Figure 1c). It is im-
portant to note that the SE detector collects both the secondary
electrons and additionally, the backscattered electrons, which en-
hances the electron density contrast in the image. The images in
Figure 1a,c were collected in parallel on the same section of the
film and are consistent, with the region in the HAADF-STEM
that has the highest number of iridium(III) ions also having the
highest electron density in the SEM image. As with the HAADF-
STEM images, the SEM image was contrast inverted and there-
fore the high electron-dense regions appear as black spots. Fi-
nally, it should be noted that the SEM measurement has less
depth information and arises mainly from iridium(III) atoms on
or near the surface of the film.

It is clear from Figure 1 that we can identify individual irid-
ium(IIl) ions using HAADF-STEM. Given that the iridium(III)
ions (diameter = 0.16 nm) are at the center of the facial com-
plex (diameter = 1.2 nm) we can use this information to de-
termine how close the complexes are within the film. The ini-
tial analysis was done on the Ir(ppy); complexes within ~5 nm
of the surface of the film (shown in Figure 1a). To illustrate
the proximity of complexes, circular outlines with diameters of
1.2 nm were superimposed around each of the iridium(I1I) atoms
in the HAADF-STEM image (Figure 1d). It is clear from this
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Figure 1. a) HAADF-STEM image of a 10 wt.% Ir(ppy);:TCTA blend film. Highlighted in the red box is a single iridium(ll1) ion. b) A zoomed-in image of
the image of the red box. The red square depicts one pixel with a 0.024 nm width and the red line shows the expected iridium (ll1) ion diameter. c) is the
SEM image captured simultaneously with the HAADF-STEM image, with the red box capturing the same iridium(l11) ion that is near the surface of the
film. d) Superimposed circles with 1.2 nm diameter (with a green outline) showing the approximate size of the Ir(ppy); complexes. e-h) Single frames
from the through-focus series of films with 1, 6, 10, and 20 wt.% respectively Ir(ppy)s:TCTA blend films. There is an increased background signal in these
images as the image-capturing parameters were optimized for minimum capture time. HAADF-STEM and SEM contrasts are inverted for clarity. That

is, greater electron density corresponds to a darker part of the plot.

2D analysis that there is spatial overlap between the complexes.
This apparently unphysical overlap can arise from two sources.
First, the crystal structure of Ir(ppy); shows the closest iridium-
iridium ion distance is 0.77 nm, which is a result of the ligands
intercalating.® It is interesting to note that results from a radial
distribution function of a simulated amorphous blend of Ir(ppy),
in TCTA show the iridium-iridium ion distance can be as small
as 1.0 nm.P! The second source of the significant overlap arises
from the depth of field in the measurement. The small condenser
aperture used to achieve high lateral resolution in STEM mode
with an aberration-free probe results in poor vertical resolution
and a large depth of field (in this case ~5 nm), which is much
larger than the lateral resolution.[>!% Thus, within the depth of
field of the measurement it is possible to have up to five irid-
ium(III) ions in focus in a vertical direction so that while it may
appear that two iridium(III) ions are adjacent, they may be ver-
tically separated but within 5 nm due to the depth of focus of
the measurement. Therefore, to accurately determine clustering
and aggregation, a procedure is required to achieve better vertical
resolution, which is discussed in the next section.

2.2. Depth Sectioning Single lons in an Amorphous Matrix
One method to achieve depth resolution is to use a larger aper-
ture, which widens the convergence angle and leads to a reduc-

tion in the depth of field, enabling a thin slice of the film to be
imaged. However, this limits the volume of the film that can be
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analyzed in a single image. The alternative is to keep the same
aperture but take a series of images where the focus of the beam
is at different depths in the film (see Video S2, Supporting In-
formation). Each iridium(III) ion can therefore be represented
as a function of the focal depth where the brightness of the ion
diminishes as the distance between it and the focal plane in-
creases. That is, the brightness of an iridium(III) ion is at its
maximum when the focal plane is closest to the depth of the
ion within the film. We used the latter method where the fo-
cal plane depth was varied in 0.2 nm steps between the upper
film surface and the substrate. An example of the depth sec-
tioning approach for a 10 nm thick 6 wt.% Ir(ppy);:TCTA blend
film is shown in Figure 2. Movies of the through-focus series
and the 3D projection for the 6 wt.% Ir(ppy);:TCTA blend film
are shown in Videos S1 and S2 (Supporting Information). The
method was also used to analyze the 1, 10, and 20 wt.% films.
The through-focus series of HAADF-STEM images for the 6 wt.%
Ir(ppy);:TCTA film (Figure 2) consists of 18 frames. It is impor-
tant to note that the lateral resolution deteriorates as the objec-
tive focus is changed, and so the full 10 nm depth could not be
measured.

Figure 2a is a projection of all 18 images layered on top of each
other. The iridium(III) ions in the projection appear not as single
points but as collections of points in the lateral direction, which
arises from the thermal motion of the iridium(III) ions. Figure 2b
is a single frame (13) of the through-focus series, corresponding
to a depth of 2.4 nm. What is important to note for this image is
that not all the iridium(III) ions observed in the composite of the
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Figure 2. a) Composite of all 18 HAADF-STEM images from the through-focus series of the 6 wt.% Ir(ppy)3;:TCTA film. b) Single frame eight from
the through focus series. The red circle shows a single atom in focus, the blue circle shows an atom just out of focus and the green circle shows two
overlapping iridium(lll) ions. c) Brightness of an iridium(lll) ion as a function of depth from the film surface captured by changing the focal depth.

HAADF-STEM contrast inverted for clarity.

frames are observed in the single frame since, as noted earlier,
the brightness of an atom depends on how far it is located from
the focal plane. This provides confidence that the depth section-
ing method used here is successful. An example of the ability
to depth section is the fact that the iridium(III) ion within the
blue circle is clearly seen in the composite image in Figure 2a
but barely visible in the single frame of Figure 2b. Therefore,
the iridium(III) ion in the blue circle is not at a depth of 2.4 nm
within the film. A second example is the electron density high-
lighted in the green circle, which in Figure 2a is composed of
two iridium(III) ions. The two iridium(III) ions are overlapping
in Figure 2b and appear as only one spot due to the movement
of the ions between frames. Regardless of the proximity of the
iridium(III) ions, by depth sectioning it can be determined that
they are at different vertical distances and are not interacting (as
discussed in the next section). The single atom in the red circle
in Figure 2a,b is plotted as a function of depth in Figure 2c. The
image shows the focal depth (0.2 nm steps) versus the intensity
of the signal for one iridium(III) ion. It can be seen from both
the normalized intensity plot versus depth and visualization plots
that there is a maximum in brightness in frame eight. Thus, the
iridium(III) ion is located at a depth of 1.6 nm from the surface of
the film. The visualization plot in Figure 2c also shows the ther-
mal motion in the lateral direction of the iridium(I1I) ion, as the
position of the iridium(III) ion is not perfectly vertical but moves
laterally (left to right and vice versa) between frames.

2.3. Reconstructing the 3D Coordinates of Iridium lons

With the method for determining the 3D location of the irid-
ium(III) ions in hand, the next stage in the analysis was to visu-
alize the proximity of the ions and by inference, the complexes,
throughout the full depth of the film. Due to the large number
of ions, we developed an automated process to analyze the im-
age series.'! Fiji was used to correct stage drift (%1 nm min!)
that occurred between images in the series using the Stack Reg
plugin, and a MATLAB algorithm was used to reconstruct the
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3D coordinates.!'” For the 3D reconstruction process, the carte-
sian coordinates for the iridium(I1I) ions were extracted from the
images. The positions of the iridium(III) ions were correlated be-
tween the frames and the depth in the film was determined from
the intensity of the signal as a function of depth as described
in the previous section. Figure 3a—d are the HAADF-STEM pro-
jections of the through-focus series for the 1, 6, 10, and 20 wt%
Ir(ppy);:TCTA films, with Figure 3e-h the 3D reconstruction of
the corresponding through-focus series of the film. Each irid-
ium(III) ion is centered within a 1.2 nm diameter sphere to repre-
sent the volume of an Ir(ppy); complex. It can be seen that some
complexes are isolated and some are close to one or more other
complexes. In order to gain a more quantitative understanding of
the clustering, we used a cut-off distance of 1.4 nm between two
iridium(III) ions, which had been previously used to define clus-
ters in a report of the morphology of films containing Ir(ppy), and
TCTA formed using molecular dynamics simulations of the evap-
oration process, to define whether complexes were members of
a cluster.’) The cluster sizes are colored depending on the num-
ber of complexes within a cluster, so that isolated complexes are
white, pairs are black, clusters of three to ten are blue, clusters of
11-100 are green and any larger are red. It can be seen that at the
lowest concentration, the complexes are isolated or form small
clusters. It should be noted that the ability to reconstruct the clus-
ters is affected by variations in the noise, thickness, vertical over-
lap, and the movement of iridium(I1I) ions between images. As a
result, in some cases iridium(III) complexes can be unassigned
or incorrectly assigned in the reconstruction. With increasing
Ir(ppy); concentration the number and size of the clusters in-
creases, and the analysis of these will be discussed in the next
section. However, before doing so we highlight the strength of
the method we have developed to determine whether the com-
plexes are interacting or not. The green circle in Figure 3b,f cor-
responds to the same two iridium(I1I) ions in the green circle in
Figure 2a,b. In Figure 2a,b it is not possible to determine whether
the two ions are simply close laterally or at different depths. How-
ever, the 3D reconstruction shows that these two iridium(III) ions
are in fact at different depths (1.6 nm away from each other) so
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Figure 3. a—d) 2D projections of the through focus series of HAADF-STEM images for Ir(ppy)3:TCTA blend films (1, 6, 10, 20 wt.%, respectively). HAADF-

STEM contrast has been inverted for clarity. e-h) 3D reconstructed Ir(ppy);
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distribution. The spheres are 1.2 nm in diameter. The ability to identify the

positions of the iridium (l11) ions within the film enables us to determine the actual concentration of the guest in the host from the number of iridium(I11)
ions in a selected volume of the film and the relative mass densities of the materials. In this way the actual concentrations of the films used were 2.7 wt.%
Ir(ppy)3 in the host (nominally Twt.%), 7.8 wt.% (nominally 6 wt.%), 13.5 wt.% (nominally 10 wt.%) and 25.2 wt.% (nominally 20 wt%). That is, the films
contained slightly more Ir(ppy); than expected from the experimentally measured relative evaporation rates of the two materials. To avoid confusion,
the films will continue to be referred to as 1, 6, 10 and 20 wt.%, noting that the actual compositions are slightly different.

although they have very similar lateral coordinates, they are not
part of the same cluster.

2.4. Cluster Analysis and Implications for Simulated
Morphologies and Device Performance

In the first part of the cluster analysis, we compared the distribu-
tion of the cluster sizes as a function of concentration (Figure 4a)
with films created using molecular dynamics simulations of the
co-evaporation of Ir(ppy);:TCTA (Figure 4b). From the exper-
imental results, the majority of the Ir(ppy); in the nominally
1 wt.% film was clustered with only 42% (8 molecules) of Ir(ppy),
existing as isolated molecules. In the 10 and 20 wt.% films, only
22% (15 molecules) and 16% (19 molecules) of the Ir(ppy),

100 i i
9ol a)
80l
70}
60}
50

fraction of guests (%)

10 15 20 25
guest concentration (Wt%)

complexes were not clustered. Furthermore, when the Ir(ppy),
was at these higher concentrations, clusters containing over ten
molecules started to form. Finally, for the 20 wt.% Ir(ppy), films,
90% (220 molecules) of the Ir(ppy); complexes were intercon-
nected with only 4% (11 molecules) not forming part of the large
network. The fact that the Ir(ppy); forms clusters in the TCTA
host is not unexpected as they have different shapes and signif-
icantly different physical properties such as surface energies,?!
and a propensity to be crystalline.[?! The evaporative process leads
to a metastable film morphology which, depending on the ther-
mal properties of the materials and the relative concentrations of
the two components, can be stable or change over time. For exam-
ple, thermally evaporated low wt.% Ir(ppy);:CBP blend films are
initially amorphous, but over the course of a couple of days the
films become crystalline with separated CBP and Ir(ppy), rich re-

fraction of guests (%)
(41
o

10 15 20
guest concentration (Wt%)

Figure 4. Cluster sizes are determined from a) the experimentally derived morphologies with the actual guest concentrations determined from the
HAADF-STEM and b) morphologies calculated from molecular dynamics simulations. The white area of the graph represents the proportion Ir(ppy)s;
complexes not clustered, the black clusters of 2, the blue clusters of 3 up to 10, the green clusters of 11 up to 100 and the red clusters over 100. Note b)

is adapted from the published graph.[’]
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gions as the CBP crystallizes.!'¥l The trends in the experimentally
determined cluster sizes are remarkably similar to those found
in the simulated films, although the proportion of complexes
in each cluster size is consistently greater in the experimental
results. The similarity between the simulated and experimental
films is encouraging, given that differences inevitably exist
between the two methods of film formation, such as different de-
position rates and the fact that the 10-20 ns annealing time that
is used for the simulations is orders of magnitude shorter than
the annealing time when fabricating a film.P! It is also important
to note that the sample volume used for the experimentally deter-
mined cluster size (13 nm X 13 nm X 5 nm) was smaller than the
simulation volume (34.1 nm X 33.4 nm X 11-14 nm). However,
the critical point is that the experimental film morphologies are
consistent with the clustering behavior observed in the molecular
dynamics simulations of the co-deposition evaporation process.

Furthermore, the experimental cluster analysis is also consis-
tent with the photophysical and charge mobility measurements
on Ir(ppy),:TCTA blend films,?! and the characteristics of devices
incorporating Ir(ppy); guest-based emissive layers more gener-
ally. For example, the first reported Ir(ppy); devices showed there
was a strong guest concentration dependence on their perfor-
mance, with devices consisting of 6 wt.% Ir(ppy); being the most
efficient and those having higher concentrations (12 wt.% and fi-
nally 100 wt.%) being over an order of magnitude less efficient.'”
One characteristic that can lead to lower device efficiencies is the
presence of guest-guest interactions that can lead to quenching
of the photoluminescence (PL). Measurements of the PL lifetime
of films composed of Ir(ppy); have shown that a reduction in
lifetime occurs at higher guest concentrations due to close-range
interactions between the guests.'”l Thus, both these results are
consistent with the measured clustering reported in the current
manuscript.

Finally, as commented on earlier, the concentration depen-
dence of the PL quantum yield (PLQY) and transport of charges
in Ir(ppy);:TCTA based films at similar concentrations to those
we have used has been reported.>'®] The highest PLQY was
measured for films composed of 6 wt.% guest, with the value
decreasing significantly toward higher guest concentrations. It
was found that for PL quenching to occur the ligands of neigh-
boring Ir(ppy); molecules had to at least be partially overlapped
(Ir-Ir distance less than 0.9 nm as Ir(ppy); molecules have a
diameter of ~1 nm). Therefore, our experimental results validate
the simulations that explained the PL quenching observed. It
was also reported that the hole mobility of the neat host material
(TCTA) had the highest mobility and when 1 wt.% Ir(ppy); was
blended into the film, the hole mobility was reduced by two
orders of magnitude. The reason for this is that the ionization
potential of Ir(ppy); is smaller than that of the TCTA, so the
guests act as a trap for holes, impeding their transport.'’] At
concentrations above 10 wt.% the hole mobility was reported
to increase and approach the mobility of neat Ir(ppy);, which
is consistent with our HAADF-STEM results that show the
Ir(ppy); molecules clustering and forming extended pathways
along which the holes could hop.

It is important to note that the effect of concentration on the
photophysical and device properties is not unique to blends con-
taining Ir(ppy);, as essentially all the efficient phosphorescent-
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based OLEDs fabricated using evaporative methods also only in-
corporate a small proportion of guest (3—12 wt.%) in the emissive
layer.'822 Thus, the current HAADF-STEM results provide the
basis for explaining previous device trends.

3. Conclusion

In summary, we have experimentally identified the 3D locations
of Ir(ppy); guest molecules blended with TCTA with single atom
detail. This was achieved by taking a through-focus series of
HAADF-STEM images of the iridium(III) ions at the center of
the Ir(ppy); complexes with the resolution and contrast required
to resolve single ions. The technique allowed the determination
of the actual concentration of the Ir(ppy), guest molecules in the
film with the TCTA host and how it compared to what was experi-
mentally expected based on the evaporation rates of the two mate-
rials. We found that there were slightly more Ir(ppy); molecules
in the films than were predicted based on the relative evaporation
rates. By changing the focal depth in 0.2 nm increments it was
possible to identify the 3D coordinates of the iridium(III) ions
and reconstruct the interactions of the iridium(III) complexes in
the film. It was found that even at low concentrations there was
significant clustering of the iridium(III) complexes and at a nom-
inal 20 wt.% there were only a few complexes that were not part of
a cluster. The experimental results were compared with the film
morphology of the same materials at similar concentrations cre-
ated using molecular dynamics simulations of the evaporation
process. The two film morphologies were similar despite the dif-
ferent deposition timescales and hence the experimental results
validate the simulation method and vice versa. HAADF-STEM is
therefore, a powerful technique for identifying film morphology
but is reliant on at least one of the components having a signif-
icantly higher electron density relative to the other components
of the film.

4. Experimental Section

Film Preparation and Contamination Mitigation: High-angle annular
dark field (HAADF) and secondary electron (SE) images were acquired
on a Hitachi HF5000 Cs-STEM/TEM. To reduce contamination sourced
from inside the microscope, the column was baked for 72 h prior to the
measurements. One day prior to the measurements liquid nitrogen was
added to the cold trap to condense residual contamination vapors in
the column from the bake and no other samples were inserted into the
microscope prior to measurements. Further liquid nitrogen was added
to the cold trap 2 h prior to the measurements. Pure silicon transmis-
sion electron microscopy (TEM) windows were purchased from Electron
Microscopy Sciences. Fac-tris(2-phenylpyridine)iridium(l11) [Ir(ppy);] and
tris (4-carbazoyl-9-ylphenyl)amine (TCTA) were purchased from Lumines-
cence Technology Corp and used as received. Grids were transferred into
an evaporator chamber and placed under high vacuum (<1 x 107¢ mbar),
and Ir(ppy); and TCTA were co-deposited at a total rate of 1.0 A s™" to a
thickness of 10 nm. The individual rates were controlled so that the films
were nominally composed of 1, 6, 10, or 20 wt.% of Ir(ppy);. Samples
were stored under high vacuum in the evaporator prior to the measure-
ments. To reduce contamination from the TEM holder, the holder was dis-
assembled, washed with ethanol and plasma cleaned (E. A. Fischione 1020
Plasma Cleaner) for 5 min. Samples were transferred onto the holder and
the sample loaded holder was placed under vacuum (Zone Il for SEM) for
15 min prior to insertion. These collective contamination controls resulted
in no contamination of the films for the duration of the experiment.
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Image Acquisition: The Hitachi HF5000 was operated in STEM, HR
mapping mode (second smallest spot size) with condenser aperture 4
(convergence angle ~23 mrad). The high-angle dark field detector was op-
erated in diffraction contrast mode. It is important to note that the sam-
ples did not diffract, therefore there was no contrast due to diffraction.
This enabled more of the lower-angle scattering to be captured, which in-
creased the signal of the iridium(I1l) ions in the images. Prior to the acqui-
sition of the 3D data set, the sample was brought to the eccentric height
with the stage height, the objective lens current center was aligned with the
optic axis, and aberrations up to the third order were corrected. The stage
was held static and was left for 30 min to minimize stage drift. In order to
avoid reintroducing stage drift, only the image-shift function (ISF) and ob-
jective focus were used to adjust the field of view and focus respectively. All
aberrations were corrected again, resulting in an electron probe size of less
than 0.1 nm. ISF was used to shift the field of view away from the region
used to correct the aberrations, as spotting the beam during the aberra-
tion correction can case beam damage in the form of a 3 nm diameter
hole. To avoid deterioration of the aberration correction, ISF use was kept
to a minimum. Two-fold axial astigmatism was corrected manually until
the iridium (1) ions appeared as circular spots. At this point, specimen
drift was less than 1 nm min~". Image acquisition was set to 512 x 512
pixels with 0.024 nm pixel resolution, and a 10 s slow scan (images were
captured as quickly as possible). A through-focus series was acquired by
capturing a HAADF image, then adjusting the focus by 0.2 nm, and re-
peating until the iridium(l11) ions went from out of focus, to in focus, and
out of focus again (data set acquisition takes several minutes).

Image Processing: Image sequences were imported into Fiji as a
stack."l The drift in the field of view between frames in the through fo-
cal series was corrected using the Fiji plugin StackReg.[?l The image se-
ries were then cropped to remove the field of view that does not appear in
all frames in the image sequence. The corrected files were then imported
into MATLAB for the reconstruction of the 3D atomic coordinates (MAT-
LAB version: 9.5.0 (R2018b), Natick, Massachusetts: The MathWorks Inc.;
2018). Several steps were used to extract the xy coordinates of the irid-
ium(lll) ions from each image: first, a Gaussian filter was added to the
image to reduce noise; second, the background was subtracted with a
threshold; and then the local maxima were found giving the coordinates.
As the iridium(l11) ions appear in multiple frames, the next step was to
correlate the iridium(l11) ions between neighboring frames based on prox-
imity. The iridium (I11) ion depth within the film was calculated based on the
depth at which the maximum intensity occurred, as depicted in Figure 3c,
generating a list of 3D atomic coordinates. For the cluster analysis, the
pairwise distance between every iridium(l11) ion was calculated and values
under 1.4 nm were considered clustered. The 3D reconstructions and clus-
ter analysis were depicted using PyMOL (The PyMOL Molecular Graphics
System, Version 2.0 Schrédinger, LLC).
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