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Hybrid small-molecule/quantum dot films have the potential to
reduce thermalization losses in single-junction photovoltaics as photon
multiplication devices. Here grazing incidence X-ray scattering, optical
microscopy and IR fluorescence microscopy (probing materials at
two distinct wavelengths), provide new insight into highly complex
morphologies across nm and pm lengthscales to provide direct links
between morphologies and photon multiplication performance.
Results show that within the small molecule crystallites three
different QD morphologies may be identified; (i) large quantum
dot aggregates at the crystallite nucleus, (ii) relatively well-
dispersed quantum dots and (iii) as aggregated quantum dots
"swept” from the growing crystallite and that regions containing
aggregate quantum dot features lead to relatively poor photon
multiplication performance. These results establish how combina-
tions of scattering and microscopy may be employed to reveal new
insights into the structure and function of small molecule:quantum
dot blends.

Photovoltaic (PV) technologies hold the potential for providing
low-cost renewable energy. Silicon (Si-PV) is currently the
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Linking microscale morphologies to localised
performance in singlet fission quantum dot
photon multiplier thin filmsy
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dominant commercial PV technology, with device efficiencies
approaching thermodynamic limits [Shockley-Queisser (SQ)],*
presenting a significant obstacle for continued performance
improvements. The SQ limit arises from energy losses (via heat
generation) when high-energy photons are absorbed above the
bandgap of the PV material and so Si-PV are unable to efficiently
utilise the energy of the entire solar spectrum. One route to
circumvent this limit, is via the process of singlet exciton fission
(SF), where a singlet exciton in an organic semiconductor decays
into two independent triplet excitons, that could be utilised to
generate multiple electrons from a single high energy photon.*
Thus, energy that was previously lost through thermalisation
could be harnessed, revising the absolute Shockley-Queisser
limit upwards from 33% to 44% - a substantial gain.””

A route to achieve this has been demonstrated through the
harvesting of dark triplet excitons generated by SF, via quantum
dot (QD) emitter materials, followed by the emission of light
and its optical coupling into the PV module.*>”” This approach
converts the exciton multiplication process into a photon
multiplication process. This approach has recently been demon-
strated in both liquid-*"° and solid-phase," for an archetypal
system comprising 5,12-bis((triisopropylsilyl)ethynyl)tetracene
(TIPS-Tc), a widely studied SF small molecule organic semi-
conductor, with lead sulfide (PbS) QDs, functionalised with a
carboxylic acid derivative of TIPS-Tc, bis((triisopropylsilyl)ethynyl)-
tetracene-2-carboxylic acid (TET-CA). In the solid-state, the TET-CA
ligand not only facilitates efficient triplet transfer between TIPS-Tc
and PbS QDs, but also plays a critical role in facilitating QD
dispersibility within the crystalline TIPS-Tc host material. While
this initial proof-of-principle work is highly promising, under-
standing relationships between highly complex morphologies
that small-molecule organic semiconductor (OSC):QD blends
form and correlating these with their consequent photon-
multiplication efficiency will be critical for realising the potential
of photon multiplier devices to increase PV efficiencies.

Small-angle scattering [both X-ray (SAXS) and neutron
(SANS)] approaches have provided quantitative structural
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insight into a range of QD systems, from the size and distribution
of the QD core radii (SAXS) and ligand coverage and conformation
(SANS),">™® and recently revealed how QDs self-assemble with
TIPS-Tc to form hybrid QD:organic crystals.'” The PbS-TET-CA QD
used in this system are formed from native PbS-OA by ligand
exchange with TET-CA. Specifically, small-angle scattering char-
acterises PbS-TET-CA as having ligand shells packed with TET-CA
that displaces some OA and some solvent from the ligand shell via
competitive adsorption, leaving behind some residual native OA.
Thus the resultant PbS-TET-CA dots have a surface character
intermediate between OA and TET-CA and this has proved to be
an important factor in their self-assembly.'® Grazing incidence
small-angle X-ray scattering (GISAXS) has been extensively utilized
to study QD superlattices, where QDs form highly ordered crystal-
line thin films, demonstrating the power of X-ray scattering for
characterizing QD morphologies.'®> For photon multiplier
thin films, requiring intimate contact between the OSC and
QDs, the optimal structure is one of highly dispersed, separated
(by distances on the order of the exciton diffusion length) QDs
within a crystalline matrix of the OSC (as opposed to the highly
ordered crystalline QD morphologies features reported in QD
superlattices).

To gain new insights into structure-property relationships
an archetypal OSC:QD photon multiplier system is investigated
herein, comprising TIPS-Tc (200 mg mL~") with varying PbS-
Tet-CA loadings (10-40 mg mL™ '), blade-coated on silicon
substrates. A combination of grazing incidence small/wide
angle X-ray scattering (GISAXS/GIWAXS), crossed polarised
optical microscopy (POM), and a quantitative fluorescence
imaging approach provide new insights into the morphologies
of the TIPS-Tc:PbS-TET-CA blends at lengthscales, spanning; A
(small molecule crystallinity) —» nm (QD distribution) —» pm
(microscale crystalline features and their relation with QD
distributions). The approaches employed enable links between
different morphologies and their localised photon-
multiplication performance to be established.

Crossed polarized optical micrographs (POM) and grazing
incidence X-ray scattering (GIXS) data for TIPS-Tc(200 mg mL ™ "):
PbS-TET-CA(10, 20, 40 mg mL ") films are presented in Fig. 1. For
the TIPS-Tc (200 mg mL™'):PbS-TET-CA(10 mg mL™") film
(Fig. 1a) the microscale morphology comprises crystalline spheru-
litic TIPS-Tc domains. As the concentration of PbS-TET-CA QDs
was increased further (20 and 40 mg mL™ "', Fig. 1b and c,
respectively) the POM images reveal morphologies comprising
large aspherical crystalline features (> 500 um) distributed within
a matrix of much finer small scale crystallites (~20 pm). The
observed aspherical crystalline features do not exhibit the char-
acteristic “Maltese cross” commonly observed when small mole-
cule and polymer spherulites are observed under crossed
polarizers, that occurs when crystal morphologies are aligned
both in parallel and in plane with the polariser axes. The lack of
Maltese cross features in the high QD concentration TIPS-Tc:PbS-
TET-CA films indicates that the TIPS-Tc crystalline features are
composed of different grains, possessing different crystal orienta-
tions. Clearly, the incorporation of PbS-TET-CA QDs alters the
nucleation (and subsequent crystallisation) of the TIPS-Tc in the
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TIPS-Tc:PbS-TET-CA films, resulting in a highly stochastic crystal-
lization process and the formation of the aspherical crystalline
features observed. The secondary much smaller TIPS-Tc crystal-
lites observed, are considerably more uniform in both size and
shape, likely forming via a secondary crystallization step, occur-
ring when the film is nearly dry, leading to the bulk/matrix
crystallites of very small size.

GIXS was performed on TIPS-Tc:PbS-TET-CA films (Fig. 1d-g)
to gain further insights into both QD dispersion/ordering (g =
0.1-0.35 A™") and TIPS-Tc crystallinity (g = 0.4-1.2 A™"). GIXS
experiments were performed at a high incidence angle of Q =
0.3° to ensure that the X-ray beam penetrates the entire bulk of
the film. The two-dimensional scattering patterns clearly show
the presence of well-defined scattering rings in the wide-angle
TIPS-Tc g range, indicating that the TIPS-Tc crystallites formed at
all PbS-TET-CA loadings are both polycrystalline and randomly
orientated. Despite the presence of large microscale crystalline
features in the POM micrographs of the 20 and 40 mg mL ™" PbS-
TET-CA films, there are no observable crystalline spots present in
the scattering patterns, thus indicating that the large crystalline
features observed, are in themselves also polycrystalline and
randomly oriented.

Radially integrated scattering data (Fig. 1g) clearly shows
pronounced scattering features g = 0.45, 0.60, 0.71, 0.85, 0.99
and 0.117 A™", consistent with crystalline TIPS-Tc. The scatter-
ing peaks at 0.6, 0.71 and 0.85 A~ are commensurate with the
110, 111 and 012 crystal planes for TIPS-Tc (CCDC database,
https://doi.org/10.5517/cc119qsv). The multiplicities of all crys-
talline peaks shown in the radially integrated data of the PbS-
TET-CA:TIPS-T thin films are markedly different to those of
single-crystal diffraction data for TIPS-Tc, as may be expected
for films formed via solution casting processes, generating
different macroscale crystalline morphologies. The apparent
size of the TIPS-Tc crystal grains was calculated from the full
width at half maximum (FWHM) of the 110 diffraction peak
using the Scherrer equation.?

2nK
D="—
Agq

where, D is the crystal grain size, K is the Scherrer constant (for
which a value of 0.94 is employed here) and Aq is the FHWM.
Analysis of the 110 crystalline peak (shown in Table 1) reveals
that TIPS-Tc crystal domains of 21.4, 19.3 and 18.7 nm for the
200:10, 200:20 and 200: 40 TIPS-Tc: PbS-TET-CA blend films,
respectively. The small decreases in the average TIPS-Tc crystal
grain size indicate that the PbS-TET-CA QDs likely act as
heterogeneous nucleating agents for TIPS-Tc crystallization. It
is striking that despite such, large scale crystalline morpholo-
gies observed in the optical micrographs, such morphologies
consist of significantly smaller TIPS-Tc crystalline grains.

The g range between 0.1 and 0.3 A™" reflects that of QD
ordering within the film, with data and associated fits for the
TIPS-Tc : PbS-TET-CA: (200:10/20/40) blend films additionally
shown on a log-log plot in Fig. 1g insert. For the 200: 10 TIPS-
Tc:PbS-TET-CA blend, data was fitted using a sphere model
with a sticky-hard-sphere structure factor (hereafter referred to
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Fig. 1 Microscopy and scattering data for TIPS-Tc (200 mg mL™):PbS-TET-CA (10-40 mg mL™) films, blade coated from toluene. Cross polarized
micrographs for TIPS-Tc (200 mg mL™?) films containing (a) 10, (b) 20 & (c) 40 mg mL~* PbS-TET-CA. Grazing incidence X-ray scattering of blend films
with corresponding radial integrals (g) of scattering data for films containing (d) 10 (black line), (e) 20 (red line) & (f) 40 (blue line) mg mL™%, with the insert
highlighting scattering from PbS-TET-CA quantum dots (dotted lines experimental data) and showing associated model fits (solid lines).

as the “sphere*sticky-hard-sphere” model; see ESL ¥ for further
model details) and a log-normal distribution to describe the
polydispersity in the core radius, as is well-established for
quasi-spherical quantum dots.">'* The sticky-hard-sphere
structure factor describes the interparticle correlations between
QDs that are mostly randomly distributed throughout all of
space, in a similar way to non-interacting hard spheres, but
with the additional possibility of two or more QD sticking
together via an attractive QD-QD interaction. It reflects a much
higher probability of small aggregates of QD existing, depending
upon the “stickiness” of the narrow attractive well (see ESI,T for
further details), but is clearly distinct from a situation of the

11194 | J Mater. Chem. C, 2022, 10, 11192-11198

majority of QD being in a more ordered aggregate or lattice.
Such attractive interactions between QDs likely arise due to
the potential for m-n stacking between TET-CA ligands. The
converse applies to native PbS-OA QDs, which may be described

Table 1 Determination of TIPS-Tc crystallite size

TIPS-Tc: PbS-TET- 110 peak position =~ FHWM Crystallite size
CA (A (A (nm)
200:10 0.600 0.0276 21.4
200:20 0.604 0.0305 19.4
200:40 0.601 0.0315 18.7

This journal is © The Royal Society of Chemistry 2022
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by hard-sphere structure factors, due to the non-interacting
nature of the aliphatic oleic acid ligand.* For the 200:20 and
200:40 TIPS-Tc:PbS-TET-CA blends the sphere*sticky-hard-
sphere model alone was not able to adequately reproduce the
basic features of the data, but adequate fits were obtained after
the addition of a Gaussian peak to describe an additional
population of quantum dots with a greater degree of spatial
correlation and is a probable indicator of clustering of QDs.
Analysis of the Gaussian peak provides values for the
average interparticle QD spacing within such clusters, with
the peak centre equating to core-to-core distances of 54.5 &
55.8 A (0.115 & 0.113 A™%), £3.3 & 3.3 A (from FHWM 0.0148
and 0.0140 A™"). Through subtracting the PbS core diameter
from these core-to-core distances, we obtain the surface-to-
surface spacing between neighbouring PbS cores of 10 + 3
and 11 + 3 A, which are consistent with the length of the TET-
CA ligand, whilst the distribution of spacings implies that there
must be some degree of overlap (and hence interactions between
ligands) that gives rise to the width of the Gaussian peak.
Scattering data therefore shows that for high QD concentra-
tions (20 & 40 mg mL ~' PbS-TET-CA), two QD populations
exist: (i) QDs with spatial correlations described by the sticky
hard sphere structure factor, i.e. mostly randomly distributed
in space but with a probability of sticking; and (ii) QDs with a
larger degree of spatial correlation, characterised by interparti-
cle distances distributed around ~10 A. We attribute the
second QD population to be inherent to agglomerated QD
features forming as a consequence of the TIPS-Tc:PbS-TET-CA
casting solutions approaching the solubility limit early on in
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the film formation process. As such, a large portion of QDs do
not remain colloidally stable, forming large agglomerates that
act as heterogeneous nucleation agents and promote a stochastic,
non-uniform crystallization of TIPS-Tc, generating two distinct
TIPS-Tc crystalline morphologies.

Whilst X-ray scattering has provided new insights into the
structure of TIPS-Tc:PbS-TET-CA thin films, it is important to
note that the obtained scattering features are averaged over the
entire area of the ~2 x 2 cm sample and as such represent the
combined scattering from the two distinct morphological
features observed in POM images of the high QD loading
(20 and 40 mg mL ") PbS-TET-CA films. Employing scattering
approaches alone therefore presents limitations in deducing
how the QDs are dispersed locally within both the large and
small scale TIPS-Tc crystalline morphologies.

In our previous work,'! we studied the photophysical details
of similar films (50 mg mL ™" PbS-TET-CA QDs) in bulk using
transient absorption and time-resolved photoluminescence
measurements. The bulk measurements indicated an overall
efficient singlet fission (192 + 28%) and triplet transfer (97 +
11%). Aggregation of QDs was found to decrease the intrinsic
QD PLQE and exciton lifetime. Some discrepancy between the
QD PL lifetime of directly excited QDs (650 nm excitation) and
the delayed PL from singlet fission and triplet transfer to QDs
suggested that non-aggregated dispersed QDs might be more
accessible for triplet transfer and thus crucial for efficient
photon multiplication."*

To better understand how QDs are distributed within the
microscale crystalline TIPS-Tc morphological features observed

TIPS-Tc:PbS-TET-CA

(a) Absorption (black line) and photoluminescence (dotted yellow line) spectra of a TIPS-Tc:PbS-TET-CA film, showing IR fluorescence set-up

exciting the TIPS-Tc:PbS-TET-CA at either 640 nm (photon absorption by QD only) or 550 nm (photons primarily absorbed by TIPS-Tc:TET-CA) with
fluorescence micrographs obtained with 2 > 1000 nm via an InGaAs detector. Microscopy images for TIPS-Tc (b, d and f) and TIPS-Tc:PbS-TET-CA (c, e
and g) films, IR illumination (b and c), 640 nm fluorescence excitation (d and e) and 550 nm fluorescence excitation (f and g) conditions.

This journal is © The Royal Society of Chemistry 2022
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in Fig. 1 and further establish links between morphology and
photon multiplication performance of the TIPS-Tc:PbS-TET-CA
films a fluorescence microscopy approach was employed utiliz-
ing the photoluminescence of the PbS-TET-CA QDs to provide
contrast for mapping QD concentration. Whilst films prepared
for GIXS were prepared on Si-substrates, active photon multiplier
films where prepared on glass substrates and subsequently
encapsulated utilising a glass coverslip and polyisobutylene.

The fluorescence microscopy approach is outlined in Fig. 2,
where excitation of the sample at 640 nm will result in QD
photoluminescence between 1100-1500 nm (detected via an
InGaAs detector). Excitation at 550 nm results in a singlet
fission photon multiplication process, whereby TIPS-Tc or the
TET-CA ligand are able to perform singlet-fission, followed by
triplet-transfer to the QD and consequent emission,” which is
coupled with the inherent absorption and emission of the QDs
themselves (n.b. for reference absorption spectra of unfunctiona-
lized PbS-OA QDs, unable to perform photon multiplication, are
also shown). For a TIPS-Tc film without QDs (Fig. 2b, d and f),
no photoluminescence is observed at 4 > 1000 nm, irrespective
of the excitation wavelength as expected. However for a TIPS-
Tc:PbS-TET-CA film, excitation at either wavelengths (550 &
640 nm, Fig. 2e and g) produces an observable morphology-
dependent photoluminescence.

Fig. 3a and b show normalized fluorescence images of an
encapsulated TIPS-Tc:PbS-TET-CA (200:40 mg mL ') film
excited at 640 (a) and 540 nm (b). The images have been; (i)
dark field corrected; (ii) normalized with respect to intensity of
the Aexcitation [at either 640 or 550 nm, via a UV/VIS spectro-
photometer (Ocean Optics USB2000+) with an optical fibre
attachment aligned at the centre of the focused illumination
in the sample plane] and (iii) normalized with respect to the
wavelength dependence of the PbS-TET-CA QD PLQE (at 640 (a)
and 550 (b) nm, respectively). Further details regarding image
processing are available in the ESI.{ The QD excitation only
image (Fig. 3a) gives an indication of the QD composition
across the aforementioned large aspherical crystalline TIPS-Tc
feature and the surrounding matrix of comprising small-
grained TIPS-Tc crystallites. A large bright spot is observable
at the centre of the large crystalline feature, indicative of high

a) 640 nm (QD only)

b) 550 nm (QD + SF)

View Article Online
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QD concentrations, and is most likely a large QD agglomerate.
Such agglomerated QD morphological features are consistent
with the Gaussian scattering feature identified in the radially
integrated scattering data presented in Fig. 1. Within the large
TIPS-Tc crystallite itself, dark lamella type features (thus low
QD concentration) are present originating from the agglomerate
centre and at the crystallite periphery there is a ~35 pm QD
depleted region. At the interface between the TIPS-Tc crystallite
and the matrix a faint “halo” is observable, commensurate with
higher QD concentrations. We propose that the large TIPS-Tc
crystalline feature forms via a mechanism whereby a large QD
agglomerate nucleates the primary crystallization of TIPS-Tc.
This primary crystallization expels QD “impurities” from the
growing crystalline lamella. The primary TIPS-Tc crystal growth
is followed by a secondary crystallisation stage that fills in the
space between primary lamella and thus forces QDs together,
promoting further QD agglomeration and QD-QD correlations.
The growing TIPS-Tc crystal front expelling QD impurities,
results in the formation of the ‘“halo” features comprising a
narrow region of containing a high concentration of randomly
packed QDs, surrounding the large TIPS-Tc crystallite. A sche-
matic summarising the different QD distributions identified
within the complex TIPS-Tc crystal morphology is presented in
Fig. 4b.

The matrix surrounding the large TIPS-Tc crystallite exhibits
non-uniform QD concentrations and a number of agglomerated
features (~50 um diameter). This morphology and non-uniform
QD distributions are indicative of a stochastic crystallization
process occurring as the film dries, coupled with the potential
for large scale drying fronts, causing local concentration varia-
tions that lead to non-uniform QD distributions within the
small-scale crystalline TIPS-Tc phase.

The fluorescence micrograph obtained upon excitation at
550 nm (Fig. 3b), where PL is observed from both QD excitation
and coupling between the SF material/ligand, shows distinct
differences compared to that when the same film under excitation
at 640 nm. The QD agglomerates identified previously are not
as bright, the fine lamellar-like structures within the large
crystallite are no longer prevalent, and rather than the wide
depletion region the crystallite now exhibits a very narrow

2
w
<
[
—
£

Fig. 3 Normalized IR fluorescence images of a TIPS-Tc : PbS-TET-CA (200 : 40 mg mL™Y) film excited at (a) 640 nm and (b) 550 nm.
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Fig. 4 (a) Map of photon multiplication performance for the TIPS-Tc : PbS-TET-CA (200 : 40 mg mL™Y film, with insert showing radial sector integration
across the crystalline feature. (b) Simplified schematic showing the different PbS-TET-CA QD morphologies/distributions within large TIPS-Tc crystallites.
(1) A large QD aggregate at the nucleus of the feature. (2) A region of secondary crystallisation that has expelled remaining QD into relatively localised
pockets. (3) A region where secondary crystallisation has not yet progressed, hence QD remain relatively well-dispersed (leading to a strip of enhanced
photon multiplication performance). (4) The front comprising an aggregated ring of a large number of QD “swept” from the growing crystallite (leading to
relatively poor photon multiplication performance). Surrounding the crystallite is the polycrystalline body of the film, beneath the size resolution of the

present study.

(~5 um wide) darkening at the interface between the two
morphologies.

Clearly, the subtle differences between the fluorescence
micrographs obtained when exciting the TIPS-Tc:PbS-TET-CA
films at either 640 or 550 nm (and thus exciting the QDs
directly or through QD excitation combined with SF), provide
insight into how the coupling between the TIPS-Tc SF material
and QDs varies across the distinct film morphologies and QD
distributions. To better quantify this, the normalized image
obtained at 550 nm was divided by the normalized image
obtained at 640 nm to generate a map showing the effective
photon multiplication efficiency (i) (shown Fig. 4a). This
normalises out the spatial distribution of QD in the final image,
such that each pixel in the map represents the emission
efficiency of a given nanocrystal population at that location
under excitation at 550 nm. This image shows four key regions
across the morphological feature under study. These are; (1) a
depleted centre where the presence of a QD aggregate quenches
any luminescence; (2) the lamellar features of crystallised TIPS-
Tc; (3) a bright stripe of relatively strong performance and (4) a
ring of aggregated QD material with poor performance. Beyond
these features is the background area with a smaller scale
crystalline morphology. The bright stripe (region 3) behind
the expelled QD front has not undergone the secondary crystal-
lisation effect that increases QD aggregation, and therefore
contains QD that have not been swept out but remain relatively
well dispersed within TIPS-Tc, and are isolated from one
another, yielding a region of relatively strong photon multi-
plication performance. Whilst such an approach cannot be as
fully quantitative as bulk PLQE thin film measurements,>***
illustrate here how such an approach provides insights for linking
different performance aspects of the photon-multiplying thin
films with different morphological features.

we

This journal is © The Royal Society of Chemistry 2022

The photon multiplication efficiency map shows that the
apparent photon-multiplication process is least efficient at
agglomerate type features, located both at the centre of the
large crystallite and distributed within smaller crystalline
matrix. To gain more detailed insight into the variation in
photon-multiplication performance from the agglomerate across
the large crystalline feature a radial sector integration was taken
(Fig. 4a insert). The data clearly shows that the lowest perfor-
mance occurs at the agglomerate centre (region 1), plateauing to
~0.95 within the lamellar crystalline features (region 2), followed
by a sharp rise to a value >1.1 at the periphery of crystallite
(region 3), and then a decrease to 0.85 at the interface (region 4)
between the large crystallite and smaller scale crystalline mor-
phology. Within the small-scale crystalline matrix morphology,
areas of highest performance are those with lower concentrations
of QDs, with areas possessing lower QD concentrations having
subtly increased photon-multiplication performance.

In conclusion, we have demonstrated that morphologies of
TIPS-Tc:PbS-TET-CA photomultiplier films are highly complex
and as with many optoelectronic devices, photon multiplier
devices exhibit clear relationships between hierarchical self-
assembly (over both nanoscale and microscale morphologies)
that are crucial in determining device performance. Through
utilizing grazing incidence X-ray scattering, optical microscopy
and IR fluorescence microscopy (probing materials at two
distinct wavelengths) we are able to identify that the presence
of large agglomerated QD structures are detrimental to device
performance, as are higher concentrations of QD in both larger
and small scale TIPS-Tc crystalline features. Interestingly, the
periphery of large crystallites exhibits the highest photon
multiplication performance, indicating highly effective coupling
between QDs and SF materials in these regions. The experi-
mental methodology approach demonstrated here highlights the
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importance morphology plays in determining the optoelectronic
performance of a highly promising down-conversion system and
illustrates that current device morphologies are sub-optimal,
with considerable scope for improvements. Furthermore, such
approaches could be applied for understanding a wider range of
solar energy conversion materials (encompassing both up- and
down-conversion) as they are translated from liquid to solid state
for more effective integration with PV technologies.
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