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ABSTRACT: The properties of perovskite/naphtho[2,3-a]pyrene (NaPy)
upconversion devices are investigated by a combination of atomic force
microscopy and photoluminescence mapping to understand the role of
microscopic heterogeneity in the ensemble device properties. The results
emphasize strong microscopic inhomogeneity across the perovskite/NaPy
upconversion device due to local formation of NaPy microcrystals. NaPy
shows emission from three distinct states in the solid state: S1′ emission at
520 nm, excimer emission at 560 nm, and S1″ emission at 620 nm. Clear
spatial differences in the emission spectrum under 405 nm excitation are
found, highlighting that there is a strong microcrystal-to-microcrystal
variation in the optical properties�emphasizing a need for multimodal
measurements. Our results indicate that microcrystals with strong emission from the strongly coupled low-energy state S1″ (J-dimer)
show much higher upconversion intensity than those with dominant emission from the high-energy S1′ state (I-aggregate). Hence,
our results suggest that microcrystals with strong emission from the low-energy state S1″ act as isolated hotspots for upconversion.

I n photon upconversion (UC) via triplet−triplet annihilation
(TTA), the energy of two spin-triplet states is combined in

a spin-allowed Dexter-type exchange process to yield an
excited spin-singlet state as well as a ground state, effectively
resulting in the emission of a photon higher in energy than the
two photons originally absorbed: an apparent anti-Stokes
shift.1−3 Since direct optical excitation of triplet states is a spin-
forbidden process, triplet sensitizers are commonly utilized to
achieve high triplet yields.4−6 Several different triplet
sensitization routes have been employed, including metal−
organic complex-based sensitization,4,7−10 exciton transfer
from semiconductor quantum dots,6,11 and perovskite nano-
crystals.12−16 In addition to these bound exciton-based triplet
sensitization pathways, extraction of free charges at the bulk
lead halide perovskite/organic semiconductor interface has
shown to be a promising approach to form bound spin-triplet
excitons in solid-state UC devices for a wide variety of
polyaromatic hydrocarbons, e.g., rubrene,17−20 1-chloro-9,10-
bis(phenylethynyl)anthracene,21 and naphtho[2,3-a]pyrene
(NaPy) (Figure 1a,b).22

Promising advances have been made with respect to
understanding the mechanism and time scale of triplet
generation at the perovskite/organic interface.23,24 Here, triplet
generation occurs on a subnanosecond time scale and triplets
are formed by the independent transfer of a hole and electron
and subsequent recombination to the bound triplet state.23,24

However, the effects of local disorder and impact of the level of
crystallinity, or local order and disorder, on TTA-UC have yet
to be investigated in detail�which is particularly relevant in
molecules such as NaPy, which possesses a strong drive for

crystallization and limited solubility in the utilized solvent
toluene. Previously, it has been shown that limited disorder
enhances singlet fission in rubrene,25 while the complete
absence of order suppresses singlet fission.26,27 Hence, it is also
expected that order and disorder would have an impact on the
reverse process of TTA-UC.

NaPy in the solid state shows emission from a several
different states, which we had referred to as emission from S1′,
excimer, and S1″ (Figure 1b) in our initial study with emission
features at 520, 560, and 620 nm, respectively.22 The simple
energy level diagram for perovskite-sensitized TTA-UC in
NaPy based on the current state of knowledge shows the
perovskite bandgap (1.55 eV), the 1.23 eV T1 energy,28 the
triplet pair state 1(TT) at 2.42 eV, and the emission from the
excimer 1D* (2.24 eV) and the respective states S1′ (2.38 eV)
and S1″ (2.00 eV).22,29

Our previous results indicated a strong dependence of the
emission spectrum yield on the local environment of the
molecule: amorphous, crystallite, or single crystal. In addition,
stronger UC was found in regions with large NaPy
crystallites.22 A more in-depth investigation into the underlying
cause of the different emissive states showed that depending on
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the monomer “concentration”, which was used as a handle to
influence the level of intermolecular interactions, the emissive
state changed.29 The NaPy emission features can be tuned
from the monomeric emission, to excited state dimer or
excimer emission (∼555 nm), to an aggregate emission
consistent with HJ coupling: a multidimensional I-aggregate
as named by Caram and co-workers peaking at 520 nm.30−32

With increasing concentration, the low-energy state S1″

becomes more prominent, but no correlated absorption feature
is found, indicating that similar to the excimer state, this low-
energy emissive state is a purely excited-state phenomenon;
hence, an aggregate-related feature can be ruled out as the
origin. Conventional excimeric nature is unlikely due to the
narrow emission line width and vibronic progression of the
red-shifted feature. In addition, its longer-lived photo-
luminescence (PL) lifetime is at odds with the expected effect
of strong J-type coupling in extended aggregates.30 Therefore,
the nature of the state points to a strongly coupled J-dimer,
which we suggest can act as a hotspot for TTA-UC due to
strong coupling priming the dimer for efficient and rapid
TTA.33,34

To support the claim that the S1″ state acts as a hotspot for
TTA-UC, an understanding of the microscopic spatial
distribution of optical properties is required. Even samples
that appear homogeneous on the ensemble level (previously
referred to as “amorphous” by Sullivan et al.22) show local

discrepancies in their optical properties under direct excitation
across a single sample. This local heterogeneity leads to strong
differences in both the emission intensity and spectral shape
across the 85% formamidinium (FA), 15% methylammonium
(MA) lead triiodide (FA0.85MA0.15PbI3, FAMA) FAMA/NaPy
UC device (Figure 1c, three representative regions 1−3) under
direct excitation at 405 nm showing both NaPy emission
(500−700 nm) as well as the perovskite emission at ∼800 nm.
The ratio of the features corresponding to the two emissive
states of NaPy varies for each measured representative
location, as well as the intensity of the respective vibronic
features.22 Hence, there are clearly differences in the local
environment which impact the ratio of the emitting species
within our laser spot for the ensemble optical spectroscopy
(∼100 μm), despite the samples looking uniform to the eye.

Interestingly, the upconverted photoluminescence (UCPL)
shows strong variations in the overall intensity across the
bilayer UC device but much less change in the overall spectral
shape based on the local region (Figure 1d, Figure S1).
However, as previously reported, a change in the dominant
emissive feature is found; emission primarily occurs from the
low-energy state S1″ (620 nm) after UC, while direct excitation
favors emission from the higher-energy state S1′ at 520 nm.

To gain further insight into the UC process and role of local
microscopic inhomogeneity on the properties of TTA-UC in
FAMA/NaPy UC devices, we utilize a combination of atomic

Figure 1. (a) FAMA/NaPy UC device schematic. (b) Energy level diagram for the FAMA/NaPy UC device. Several possible states can be
populated via TTA-UC (S1′, the excimer 1D*, and S1″). (c) Top: Direct photoluminescence (PL) observed under 405 nm excitation across three
representative regions for a FAMA/NaPy bilayer. Bottom: Gaussian fits to the underlying NaPy emission features. (d) UCPL of the bilayer at three
representative locations under 780 nm excitation. Bottom: Gaussian fits to the underlying NaPy spectral features emphasizing that the same spectral
features are present as under direct excitation, albeit with different intensities. The dashed lines are included as guides for the eye.
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force microscopy (AFM) and microPL mapping to “zoom”
into the microscale. In contrast to the ensemble optical
spectroscopy shown in Figure 1c,d, where the emission is
averaged across the laser spot size of ∼100 μm diameter of our
instrument, this approach gives diffraction-limited information
and can pinpoint whether individual NaPy crystals are
primarily emitting from one state versus the other or whether
there is a statistical distribution of the emissive states.

The 20 × 20 μm2 AFM topography of the FAMA/NaPy
bilayer is shown in Figure 2a where multiple micrometer-sized

square NaPy microcrystals are clearly observed (Figure 2b),
indicating a high level of drive for local molecular ordering
during the growth of these microcrystals. No obvious change in
the morphology and surface roughness of the underlying
perovskite (Figure S2) is observed among the larger micro-
meter-sized NaPy crystals.

In a next step, Kelvin probe force microscopy (KPFM) is
used to determine the changes in the surface potential upon
deposition of the UC layer and during solvent treatment.35,36

In general, KPFM can be used to map the spatial distribution
of the contact potential difference (CPD) by applying a DC
voltage to nullify the electrostatic force:

=V e( )/CPD tip sample (1)

where Φtip and Φsample are the work function of the tip and
sample, respectively.

For the pristine perovskite film, we find a relatively
homogeneous CPD across the thin film surface. The expected
n-type nature of the perovskite surface induced upon
acetonitrile treatment is confirmed by the shift in the CPD
to more negative values in comparison to the neat perovskite
(Figure S3). This shift in the band bending behavior influences
charge carrier extraction at the interface and will thus influence
the rate and yield of triplet generation.23 In the perovskite/
NaPy hybrid bilayer, the CPD on the NaPy microcrystals
shows a larger value (Figure 2c), indicating a lower value of the
work function, i.e., a shallower Fermi energy in comparison to
the perovskite.

KPFM measurements can be further used to determine the
surface photovoltage (SPV) which is defined as the difference
in the CPD in the dark and under steady-state illumination:

=SPV (CPD CPD )light dark (2)

The SPV can give information about the band bending near
the surface in addition to the quasi-Fermi level splitting.37 The
CPD of FAMA becomes more positive under (white light)

Figure 2. (a) AFM topography of the FAMA/NaPy bilayer showing
the polycrystalline nature of the underlying perovskite film and the
square NaPy microcrystals. (b) Zoom in on a single NaPy
microcrystal. (c) KPFM image showing the CPD in the dark (darker
regions) and under illumination (lighter regions). (d) Cross section of
the CPD along the line shown in panel c to extract the SPV.

Figure 3. PL maps for the FAMA/NaPy bilayer collected under 405 nm excitation for the (a) total PL (sum of 525 and 630 BP), (b) 525 BP, and
(c) 630 BP. (d) Direct excitation spectra collected at the three ROIs, as indicated in panel a. UCPL maps for bilayer collected under 780 nm
excitation for the (e) total UCPL, (f) 525 BP, and (g) 630 nm BP. The ratio between the 525 and 630 BP direct PL (shown in panels b and c) has
been included as a grayscale overlay in panel e; more gray indicates a higher fraction of S1′ emission. (h) UCPL spectra collected at the three ROIs.
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illumination (Figure 2c,d), and a change of 18 mV is observed
between light on and off. Hence, the extracted SPV confirms
our previous report that the perovskite exhibits n-type doping
and upward band bending occurs at the surface, facilitating
hole extraction, which is the first step in triplet generation at
the perovskite/organic interface.23,37

Since the CPD value for NaPy is higher than that of the
underlying perovskite, we can use the CPD to confirm the
presence of smaller NaPy nanocrystallites between the large
microcrystals (Figure S2), indicating that not all NaPy
molecules are found in the larger microcrystals. Rather we
have several different microscopic environments of the NaPy:
nanocrystallites and microcrystals (vide inf ra). We had
previously observed that different local environments tune
the amount of emission from the low-energy state. However,
this was observed on a macroscopic level, comparing thin films
to macroscopic crystallites and single crystals. An interesting
question presents itself: is there a spatial variation of the
emission spectrum on the microscale? Or in other words: how
uniform are the optical properties of the thin film truly?

To address this question and compare the AFM topography
with the optical properties on the micrometer scale, integrated
PL intensity micrographs (20 × 20 μm2) are shown in Figure
3a under direct excitation at 405 nm, a wavelength that excites
both the perovskite and NaPy directly. In agreement with the
AFM topographies, local hotspots of NaPy emission are found
corresponding to the location of the NaPy microcrystals, while
only weak fluorescence is found in between microcrystalline
regions, stemming from the NaPy nanocrystallites and possibly
isolated NaPy molecules or a thin amorphous layer of NaPy
coating the underlying perovskite grains. To emphasize the
difference of the high-energy and low-energy emissive states
(S1′ and S1″), the NaPy PL is split into two channels using
bandpass (BP) filters (Figure 3b,c) to isolate the individual
emissive features and compare their relative intensities. PL
spectra are extracted at three distinct regions of interest
(ROIs) for comparison (Figure 3d): ROI 1, a region on the
perovskite, which shows perovskite emission (∼780 nm) and
very weak NaPy emission, correlated to a region containing
small amounts of NaPy between the observed microcrystals;
ROI 2, a strongly emissive NaPy microcrystal with a high
fraction of S1′ (525 BP) emission and lower perovskite PL
intensity; ROI 3, a strongly emissive NaPy microcrystal with a
comparatively low fraction of S1′ PL and strong emission from
both the S1″ state (630 BP) of NaPy and strong perovskite PL.

The corresponding total UCPL intensity under 780 nm
excitation is highlighted in Figure 3e. For better comparison,
the ratio of the direct PL intensity (i.e., under 405 nm
excitation) of S1′ and S1″ is also overlaid on a grayscale (higher
ratio: more S1′ PL, darker color), highlighting that the regions
corresponding to strong S1′ PL are not highly TTA-UC active.
Comparison of the UCPL intensity for S1′ and S1″ (Figure
3f,g) emphasizes that TTA-UC is indeed more prominent in
regions where rich emission from S1″ is found and that even on
the macroscopic scale UC is primarily observed from the
lower-energy state.

Importantly, due to the obtained spatial distributions of the
PL intensity of the two emissive states, we can conclude that
the different emissive states are not related to surface/bulk
emission of the microcrystals but rather their distribution is
unique to the properties of the individual microcrystals.
Investigation into a secondary 20 × 20 μm2 region of the
bilayer exhibits similar behavior (Figure S4).

The spectrally resolved UCPL spectra under 780 nm
excitation collected at the same three ROIs as previously
under direct excitation at 405 nm are shown in Figure 3h. In
region of interest 1 (ROI 1), a region without microcrystals, we
find no detectable TTA-UC. The two ROIs (ROI 2 and ROI
3) corresponding to the location of a microcrystal on the other
hand display successful UC. However, ROI 2, the microcrystal
with strong S1′ emission (520 nm) under direct excitation,
shows only weak UC, whereas ROI 3, the microcrystal with a
high intensity of S1″ emission (620 nm) under direct
excitation, demonstrates much more intense UCPL. No
correlation of the UCPL intensity with the underlying
perovskite PL intensity is found (compare Figure S5),
indicating that the local perovskite quantum yield does not
play a significant role in the obtained UCPL intensity.

Lastly, the recombination dynamics of each region of
interest are investigated to determine whether the changes in
the TTA-UC behavior are related to the microscopic NaPy
recombination dynamics, e.g., caused by local defects. The
corresponding PL decays for NaPy S1′ and S1″ and the
underlying FAMA are shown in Figure 4, and the

corresponding fit parameters are summarized in Table 1.
Interestingly, no distinct differences are observed in the decays.
The extracted PL lifetimes are comparable for each distinct
spectrally resolved feature across the ROIs: S1′ (525/50
center/width BP), S1″ (630/40 center/width BP), and the
underlying perovskite (780 nm long-pass (LP)).

Hence, variations in the underlying kinetics across ROIs are
not the cause of the differences in the upconversion properties.
Rather, we conclude that the inherent population distribution
of S1′ and S1″ states is important: regions with strong
emission from S1″ exhibit long lifetimes, strong coupling

Figure 4. Bilayer PL decays for the three ROIs (ROI 1, top; ROI 2,
middle; and ROI 3, bottom) collected under 405 nm pulsed
excitation at 1 MHz and 0.6 W cm−2. NaPy spectral features were
isolated via 525 (green) and 630 BP (orange) filters, and a 780 LP
(red) filter was used to isolate the underlying FAMA PL.
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between molecules, and a favorable environment for efficient
TTA-UC. On the other hand, regions with stronger emission
from S1′ have a lower population of the strongly coupled S1″

states available and a higher fraction of high-energy S1′ states
which must be accessed through entropy or thermal energy
following TTA-UC.38 However, weaker electronic coupling
between molecules may result in TTA-UC that is not efficient
and other relaxation pathways are dominant instead.

In conclusion, we have investigated the microscopic
properties of FAMA/NaPy UC devices by AFM and microPL.
No detectable UC is found in the regions between micro-
crystals, a result that is unsurprising considering the low NaPy
emission in this region under direct excitation. If TTA-UC
occurs in this region, the generated singlet states are likely to
be recycled back into the strongly broadband absorbing
underlying perovskite due to their close proximity.39 These
results highlight that UC originates from only the ordered
microcrystalline regions of NaPy. However, our results also
indicate an excellent correlation between the population of the
S1′ and S1″ emissive states under direct excitation and the
subsequent yield of TTA-UC. Regions with strong emission
from S1″ under direct excitation yields strong local UC. This
result can be correlated to the local electronic coupling
between molecules: stronger coupling can result in an increase
in the rate of TTA-UC; in addition, there is a higher energetic
driving force for formation of the singlet state from the triplet
pair state 1(TT).

Due to the reproducible strong ordering of NaPy into square
microcrystals as indicated by the AFM topography, multiple
crystal structures are not expected to be the underlying cause
of the differences in the optical properties, and preliminary X-
ray diffraction studies do not indicate the presence of multiple
crystal structures but rather indicate a strong drive for
preferential crystal plane orientation (Figure S6). To ration-
alize the differences in microcrystal performances, we therefore
suggest that different amounts of molecular-level order and
disorder within the crystal result in the observed changes in
optical properties due to changes in the number of regions of
strong coupling resulting in local J-dimers.40 Furthermore, the
low coverage of NaPy microcrystals on the underlying
perovskite under the chosen fabrication conditions indicates
that further device fabrication optimization by, e.g., vapor
deposition could possibly push the achievable UC yields by
increasing the surface coverage to boost charge extraction and
TTA-UC active regions.

Looking beyond the immediate outcome of this study, these
results emphasize the imminent need for multimodal measure-
ment techniques that encompass a variety of simultaneous
optical and structural methods. There is a clear structure−

property relationship that cannot be ignored in solid-state
devices and is overlooked in conventional ensemble spectros-
copy. While we demonstrate similar observations independ-
ently by AFM and microPL mapping, we currently cannot
correlate the resultant optical properties to a certain micro-
crystal morphology. However, a clear correlation of the optical
properties of a single microcrystal and their respective shape,
size, and height and electronic structure (based on I−V curves)
bears great promise in providing valuable information about
the microscopic properties and subsequent macroscopic
properties of perovskite/organic interfaces.
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Table 1. Extracted Fit Parameters for NaPy and FAMA PL
Decay Lifetimes for Each Region of Interest (ROI) and
Each Spectral Region Determined by Bandpass (BP) and
Long-pass (LP) Filtersa

ROI 525/50 nm BP 630/40 nm BP 780 nm LP

Fit · ( )A exp
t

t
−x

· ( )A exp
i

t

1

2

i

· ( )A exp
i

t

1

3

i

1 1.4 ns 2.4 ns 9.3 ns 2.8 ns

2 1.6 ns 3.8 ns 9.6 ns 2.8 ns

3 1.3 ns 2.7 ns 9.2 ns 3.1 ns
aAmplitude-averaged weighted lifetimes are reported for biexponen-
tial and triexponential fits.
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