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ABSTRACT

Triplet sensitization of rubrene by bulk lead halide perovskites has recently resulted in efficient
infrared-to-visible photon upconversion via triplet-triplet annihilation. Notably, this process
occurrs under solar relavant fluxes, potentially paving the way toward integration with
photovoltaic devices. In order to further improve the upconversion efficiency, the fundamental
photophysical pathways at the perovskite/rubrene interface must be clearly understood to
maximize charge extraction. Here, we utilize ultrafast transient absorption spectroscopy to
elucidate the processes underlying the triplet generation at the perovskite/rubrene interface. Based
on the bleach and photoinduced absorption features of the perovskite and perovskite/rubrene
devices obtained at multiple pump wavelengths and fluences, along with their resultant kinetics,
our results do not support charge transfer states or long-lived trap states as the underlying
mechanism. Instead, the data points towards a triplet sensitization mechanism based on rapid

extraction of thermally excited carriers on the picosecond timescale.
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Silicon-based solar cells, the current workhorse of solar energy, cannot absorb wavelengths
beyond 1100 nm, limiting the efficient use of the entire solar spectrum.'” A promising approach
to overcome this fundamental limitation is the use of photon upconversion (UC).*® Particularly
promising is UC via triplet-triplet annihilation (TTA) in organic semiconductors, as it can become

10—

efficient at solar-relevant incident powers.!%'? Due to spin selectrion rules, the spin-triplet states

required for TTA-UC are populated via energy transfer from triplet sensitizers that generate triplet

8,13,14

states through intersystem crossing, inherently exhibit an excitonic wavefunction that

possesses both triplet and singlet character,”!>!® or through asynchronous charge transfer (CT)
processes from bulk lead halide perovskite materials.!%!9-23
The long free carrier lifetimes, high absorption cross sections and facile bandgap tunability

of perovskites,?¢2°

which are desirable properties in photovoltaic applications also yield the
required foundation for triplet sensitization.!>!%-2 Tt is established that lead halide perovskites of
varying halide and A-site compositions are capable of sensitizing the triplet state of rubrene.
However, to date, the exact mechanism of triplet sensitization is still unclear.*** Understanding
the fundamental mechanism of triplet sensitization at the perovskite/organic interface will be the
key in further improving perovskite-based UC, as it will unlock engineering pathways to further
increase the device performance.

We have previously observed a lack of noticeable perovskite photoluminescence (PL)
quenching in the presence of rubrene, which was attributed in part to strong back transfer of the
upconverted singlets and surface passivation effects.!22%>2 However, this observation may indicate
a more intricate triplet sensitization mechanism than the current simplistic view of direct charge

carrier extraction from the perovskite to rubrene (Figure 1a). Particularly, it emphasizes that only

a small fraction of free charges created upon photoexcitation are successfully extracted and return



upconverted photons despite the long-lived nature of the free carriers in the perovskite, which
should allow a large number of charges to be extracted within their lifetime.?*-*® Possible causes
include localized states mediating electron and hole transfer and limiting the number of generated

triplet states®%-3!

and short-lived transient states (e.g. hot carriers) being involved in the triplet
generation process.** In addition, this simple mechanism does not consider the possible influence
of mid-gap trap states or higher energy transitions in the perovskite which may also play a role in
the triplet sensitization process.*>”’

In this contribution, we utilize ultrafast transient absorption (TA) spectroscopy to
investigate the photophysical processes occuring at the interface of MAo.ssFAo.1sPbls (MAFA) and
rubrene doped with ~1% dibenzotetraphenylperiflanthene (DBP). The resulting bilayer UC
devices are denoted as MAFA/rub in the following (inset Figure 1b). In Figure 1b, the steady-state
absorption of the MAFA thin film and MAFA/rub bilayer is shown. The vibronic features of the
rubrene/DBP absorption spectrum are highlighted, as well as the region of the two photobleaches
(PB1, PB2) commonly observed in TA spectroscopy of lead halide perovskites.>*36-3839 The
transient absorption data measured under 700 nm (pulse energy: 1.2 mJ/cm?) excitation is plotted
in Figure lc,d as a temperature plot to allow the time dependent evolution of the absorption
features to be visualized. Figure le,f shows the extracted absorbance spectra for MAFA and
MAFA/rub at different probe time delays under 700 nm excitation and pulse energies of 0.6
mJ/cm? and 1.2 mJ/cm?.

PB1 corresponds to the perovskite ground state bleach at 780 nm, while the origin of PB2
at 485 nm in perovskites is still under debate; PB2 has been attributed to band filling effects

stemming from two VBs and a shared CB,*¢-° one shared VB and two CBs,***° or a high energy

CT state, which is attributed to an I>-like species formed under optical excitation.’ In addition, a



broad photoinduced absorption (PIA1) can be observed between 510-700 nm, which has been
assigned to photoinduced refractive index changes or excited state transitions stemming from free
carriers.*** A second localized PIA2 is found at 550 nm, which is correlated to PB2, as the
recovery kinetics are similar and a clear isosbestic point is found at ~ 514 nm (Figure 1e,f).%

In the MAFA/rub device, additional overlapping PIAs are observed at ~ 480 nm, 520 nm,
and 550 nm, which correspond to the rubrene triplet excited state T1 = T\ transitions and polaron
signature, respectively (compare Figure S1).#'"#** The excited state triplet absorption signal in
MAFA/rub confirms the rubrene triplet sensitization under 700 nm excitation. Comparing the TA
surfaces of MAFA and MAFA/rub in Figure 1c,d and the extracted spectra in Figure le,f, we find
no additional unexpected absorbing features in the presence of rubrene within the measurement
window. Thus, our findings do not support a bound interfacial CT state as the underlying
mechanism. In addition, no signature of a long-lived (e.g., defect-related) state within the spectral

window of the measurement is found.
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Figure 1: (a) Schematic of the rubrene sensitization mechanism. (1) Photon absorption promotes an electron from the
VB to the CB of the perovskite. This excited state can relax to the ground state via several pathways: (2) free carrier
recombination, (3) charge trapping at shallow defect levels and relaxation by (4) trap-assisted charge carrier
recombination, or (5) charge transfer to the triplet state of rubrene. (b) Absorbance spectra of MAFA and MAFA/rub.
The spectral regions of the two photobleaches observed in TA are labeled with PB1 and PB2. The inset shows the
absorption spectra of a rubrene/DBP film. (c) TA surface of MAFA and (d) MAFA/rub under 700 nm pump at a pulse
power of 1.2 mJ/cm?. To remove the strong etalon feature, the TA surfaces were processed with a frequency filter.
(e.) Absorbance spectra at selected delay times for MAFA (e) and MAFA/rub (f) at 0.6 mJ/cm’ (top) and 1.2 mJ/cm?
(bottom) pulse power. The gray lines depict the frequency-filtered data. The inset highlights the PIA feature
corresponding to the T1 2 T, transition of rubrene at 521 nm and polaron feature at 553 nm.

Further analysis of the TA data in Figure 1 reveals that PB2 exhibits distinctly different
dynamics than PB1,% and both PB levels recover more rapidly in the presence of rubrene (vide
infra). Similarly, PIA2 is reduced more rapidly. Therefore, the data indicates that the carriers
populating the electronic states of this higher excited state may play a role in the UC process. It

has been suggested that the PB2 state is populated by either direct absorption, a hot carrier/phonon-



based mechanism or an Auger-based population of the high energy state.>> To determine if the
population of PB2 influences the triplet generation process, we investigate the response of MAFA
and MAFA/rub to different wavelengths and different excitation powers. Broad absorption should
reveal an excitation wavelength-dependent population of the higher energy state, while to first
approximation, the ratio of bleach of PB1 and PB2 should not be affected. On the other hand, both
phonon-assisted or Auger-type mechanisms are expected to be excitation wavelength and fluence-
dependent.
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Figure 2: MAFA/rub absorbance spectra at power densities ranging from 1.13 mJ/cm?® to 10.5 mJ/cm? obtained at
delay times of 1.5 ps, 100 ps, 1 ns and 4 ns. All spectra were recorded under 700 nm excitation. The arrows are guides
to the eye to highlight the increase in the PBs at higher powers and the growth of the rubrene triplet-related PIA.

The absorbance spectra of MAFA/rub for a wider range of pump energies (1.13 mJ/cm? to
10.5 mJ/cm?) at selected delay times of 1.5 ps, 100 ps, 1 ns and 4 ns for MAFA/rub are shown in
Figure 2, clearly showing the grow-in of the characteristic rubrene T1 = T, triplet excited state
absorption, as well as the polaron signature at 553 nm.

Based on the data presented in Figure 1 and Figure 2, we establish the following: 1) At
higher excitation fluence and higher photon energy, an additional short-lived broad bleach

signature (PB3) can be observed (compare Figure S2 for 808 nm and S3 for 400 nm and 650 nm



excitation), and rapidly decays as PB1 is populated (Figure S4). In agreement with previous work,
we attribute this absorbing species to thermally excited (hot) carriers rapidly cooling to the lower
energy band edge.***>~*8 PB3 is more pronounced in MAFA than MAFA/rub, indicating that the
interaction between rubrene and the perovskite surface reduces the presence of this absorbing
species, suggesting that hot charge carriers are directly extracted to rubrene.** ii) The intensity of
PIA1 is reduced in the presence of rubrene, emphasizing the features of the localized PIA2. We
find PIA1 initially redshifts rapidly due to the dynamic Burstein-Moss effect.>%° Up to ~200 ps,

3949 after which PIA1 converges to

the spectral shape continues to evolve due to Auger relaxation,
a uniform spectral shape, with a clear isosbestic point at 730 nm. iii) PB2 is populated prior to
PB1, and the bleach intensity of PB2 depends both on photon energy and pulse power. PB2 (2.56
eV) is populated under excitation at 808 nm (1.53 eV), which is below the optical bandgap of
MAFA (1.59 eV), suggesting PB2 is not populated by direct absorption. Therefore, we suggest
that the generation of PB2 is based on hot carriers: either by direct thermal excitation via phonons
or a Auger-based hot carrier relaxation. iv) For both MAFA and MAFA/rub, PB1 is narrower at
lower pulse power and photon energy, further highlighting the effect of hot carriers on the TA
spectra (vide infra). v) The emergence of the rubrene triplet-related PIA is both excitation
wavelength and fluence dependent. Interestingly, there is no direct correlation to the intensity of
PB1, which is related to the population of the band edge excited state. However, there is a
relationship between the triplet PIA and the intensity of PIA2, PB2, and PB3, indicating a
relationship between the population of the higher energy bleach features and the successful

generation of the triplet state. vi) No Pblz-related signature is found (Figure S5), ruling out the role

of Pbl, as a mediating factor for triplet sensitization.



We have previously established that the power dependence of perovskite-sensitized TTA-
UC is dependent on the underlying perovskite recombination dynamics, and does not simply
exhibit the characteristic quadratic-to-linear trend of TTA.!? The observed non-linear dependence
of the triplet formation on the excitation power further confirms this observation and indicates that
triplet formation is not simply proportional to the number of incident photons. By extracting the
triplet-related PIA from the residual underlying perovskite PIA2, we find a superlinear growth (o
~ 1.5) of the triplet state based on incident power (Figure S6).

To shed more light onto the underlying mechanism of triplet sensitization, we investigate
the kinetics under 700 nm excitation (1.2 mJ/cm?) at the MAFA ground state bleach (PB1, 780
nm) and the related PIA1 (700 nm), as shown in Figure 3a. The dynamics of PB1 are well fit by a
triexponential function with an offset, which is required since PB1 does not fully recover within

the measurement window:

AAJA(E) = Ay exp (— i) + A exp (- é) + Agexp (- é) + A, (1)

The characteristic time constants are listed in Table 1 for MAFA and MAFA/rub. We find
that in the first 20 ps PB1 rapidly recovers in the presence of rubrene, indicating ultrafast charge
extraction from the perovskite to rubrene. However, at later times, the dynamics slow and the
underlying MAFA kinetics are recovered, indicating a population of carriers that are unaffected
by the addition of rubrene, which we have previously attributed to charges in the bulk of the

perovskite that do not reach the interface prior to recombination.!*-?

Table 1: Amplitudes (A) and decay time components (z) for PB1. A4 corresponds to an infinite time constant, as PB1
does not fully decay within our measurement window.

Ai T1(ps) A ©2(ps) As w3(ps) A4
MAFA 0.37 46 0.28 185 0.30 1063 0.10
MAFA/Rub 0.49 8.9 0.27 165 0.27 999 0.09
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Figure 3: Normalized TA dynamics under 700 nm excitation at a power density of 1.2 mJ/cm? for MAFA and
MAFA/rub. The dynamics were extracted at (a) PIA1 (top), PBI1 (bottom) and (b) PIA2 (top), PB2 (bottom). The
corresponding wavelengths of the spectral features are 700 nm (PIA1), 780 nm (PB1), 553 nm (PIA2) and 485 nm
(PB2), respectively. (c) The extracted kinetics for the overlaying rubrene T1 =2 T, trasnsitions at 485 nm (gray) and
521 nm (black) and polaron PIA at 553 nm (light gray). We extract a rise time of Tise = 700 ps and tise = 800 ps for
the triplet T1=> T, transitions at 521 nm and 485 nm, respectively. The polaron has a characteristic rise time of
Trise=250 ps and begins to decay within the measurement window.

PIA1 grows in more rapidly for MAFA/rub than MAFA, initially recovers faster, and then
appears to stagnate at later times. This is the result of multiple factors. First, the overlapping PB3
recovers more rapidly in the presence of rubrene (Figure S4). Second, PIA1 is correlated to PB1,
and ultrafast charge extraction results in a faster initial recovery. Third, formation of rubrene
polarons can result in a long-lived overlapping PIA, as charged rubrene species exhibit PIA in the
spectral region between 520 — 900 nm,>® which would effectively prolong the signal detected at
this wavelength.

We also find a faster recovery of both PB2 and PIA2 in the presence of rubrene (Figure
3b), indicating this higher energy state is also influenced by the presence of rubrene. However, we
cannot conclusively determine whether the state is directly quenched or the quenching is a result
of an equilibrium with PB1, which is rapidly depopulated by the presence of rubrene. Yet, as

evidenced by our power-dependent TA spectra (Figure S6), a clear correlation exists between the
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initial population of this state and a high yield of triplet generation, which indicates that the same
charge carriers which populate PB2 also generate the triplet state of rubrene.

To determine the rate of triplet generation, we take a closer look at the recombination
dynamics of PB2 and PIA2, as the triplet PIA is overlapping in this region (see Supporting
Information, Figure S7). The resulting extracted triplet kinetics are well fit by a rise time of s =
700 ps for the T1 = T, transition at 521 nm and 7. = 800 ps for the T1 = Th transition at 485 nm
(Figure 3c, top), and further highlight the expected persistence of the triplets beyond our
measurement window. The polaron-related PIA at 550 nm is similarly fit with a rise time of zse =
250 ps (Figure 3c, bottom), and begins to decay within our measurement window. We attribute

this to triplet formation through the polaron state,**!

which is further supported by the increased
intensity of the rubrene polaron feature relative to the T = Th, transition in MAFA/rub than in the
rubrene thin film (Figure S1b) and the visible decay of the polaron state within our measurement
window.

The proposed excited state steps involved in the triplet generation in MAFA/rub are
summarized in Figure 4, where the more rapid recovery of PB1 is attributed to charge extraction
to rubrene. PB2 and the related PIA2 are also quenched, indicating that this higher energy
transition in the perovskite also plays a role in the triplet sensitization mechanism. Specifically,
we propose that the thermally excited carriers that populate PB2 are extracted to rubrene and form
the bound triplet state. The additional PB3 observed in MAFA is reduced in MAFA/rub,
emphasizing a change in the hot carrier properties upon addition of the organic molecules.

Our results therefore suggest that PB2 and PB3 are populated by a hot-carrier-based

mechanism, and carrier extraction from MAFA to rubrene occurrs rapidly while the charge carriers

are thermally excited. Upon photoexcitation, hot carriers are generated which rapidly thermalize
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via elastic carrier-carrier scattering. Once equilibrated, hot carriers occupy states according to a
Fermi-Dirac distribution with a dynamic quasi-Fermi level.**#>4¢ These hot carriers initially
populate the higher excited states PB2 and PB3, from which they can either be extracted directly
to the rubrene polaron or triplet state or act as a reservoir to repopulate PB1. Thermally excited
charge carriers are directly extracted to rubrene and recombine to the bound triplet state, as
evidenced by the more rapid recovery of PB1 at early times, the observed more rapid carrier
cooling (vide infra), and the emergence of the rubrene polaron and triplet-related PIA (Figure 4a).
Once the carriers have thermalized to the band edge, charge transfer to the rubrene triplet state
slows down significantly, as the energetic driving force is reduced and subsequent charge transfer

may require additional phonon support (Figure 4b).*3

a) Ultrafast Processes b) Triplet Generation after Thermalization
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Figure 4: Proposed mechanism of triplet generation in MAFA/rub bilayer devices. (a) Ultrafast processes occurring:
optical excitation populates higher excited states. Hot carrier relaxation releases phonons (hw) and the cooled
carriers populate PB2 and the band edge PB1. Thermally excited carriers rapidly transfer to rubrene and combine to
form the bound triplet state. (b) Once all carriers are thermalized and populate the band edges of PB1 and PB2 charge
extraction to rubrene slows significantly, indicating the possible role of phonon-mediated transfer: phonons excite the
carriers to higher excited states, from which charge extraction can occur efficiently.

To support our proposed mechanism and investigate the properties of the hot carriers more
fully, we track the carrier temperatures extracted from the TA spectra at different delay times
(Figure 5a) and the shift of the quasi-Fermi level (Er) over time (Figure 5b) under different

46,52

excitation fluences at 700 nm. In agreement with previous reports, we find higher carrier

temperatures at high pump fluences, and that the hot-phonon bottleneck effect observed in

12



perovskite thin films extends the carrier cooling time.’?>3 As expected for hot carrier extraction,
in the presence of rubrene, the carrier temperatures for MAFA/rub cool at a faster rate than for
MAFA. This is further highlighted by a lower quasi-Fermi level and a redder intital PB1 position
for MAFA/rub than MAFA (Figure 5b,c). The effect of the different carrier temperatures can also
be observed in the PB1 dynamics. We find that the buildup of PB1 is faster in the presence of
rubrene and at lower excitation powers (Figure 5d), in agreement with previous reports on higher
carrier temperatures resulting in a slower buildup of the ground state bleach.>* For an average pulse
energy of 1.2 mJ/cm? at a pump wavelength of 700 nm, the time constant of the PB1 buildup of

MAFA is 1.1 ps and shortens to 0.4 ps for MAFA/rub.

LY
=

. * MAFA (0.6 mJ/cm?) b) N
800 . * MAFA (1.2 mJ/cm?) 166 o
< e o MAFA/rub (0.6 mJ/cm2) o0 o
= ° * MAFA/rub (1.2 mJ/cm?) . %
g 6001 . %% S164f L% %
: A g ;
® o0 w ® o
£ 400 S e L. 1.62 M .
© . e o . .
o - -
200 1.60
100 10 10? 103 100 10 10? 10°
Time (ps) Time (ps)
Q d o
S 166 ~ t —1=05ps
2 o Ela
c e P30ge, < \
S 1641, e, < '
R S :
o %, <
%162 . -‘._“_._'. £
¢%, %o, =
,;E emrnnpaitts oo 2
@ 1,60 W
100 10 102 10°
Time (ps) Time (ps)

Figure 5: (a) Carrier temperatures at various delay times for MAFA (brown) and MAFA/rub (orange) under 700 nm
excitation at pulse fluences of 0.6 mJ/cm? and 1.2 mJ/cm?. (b) The position of the quasi-Fermi level (Er) as a function
of the delay time. (c) Perovskite ground state bleach (PB1) position as a function of time. (d) TA kinetics of MAFA
(brown) and MAFA/rub (orange) under 700 nm pump, extracted at the perovskite ground state bleach feature at 780
nm (denoted as PB1, in text). The initial decay is fit (solid line) with an exponential decay function, yielding the time
constants shown in the legend.

In summary, we have investigated the MAFA/rubrene interface by means of ultrafast TA
spectroscopy. Our results indicate ultrafast charge extraction and subsequent triplet generation on
a sub-nanosecond timescale. The PIA at 550 nm has previously been attributed to polarons in

rubrene, and is generated at a faster rate than the triplet PIA. The non-linear response of the triplet
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generation indicates that the triplet generation does not rely on a simple ‘one photon in, one triplet
out’ mechanism. Rather, it is indicative of the involvement of higher order processes such as non-
geminate free carrier recombination or Auger recombination. Our results do not suggest the
participation of a localized CT state or long-lived trap states. Therefore, in agreement with our
previous results, we emphasize that the key factor for triplet generation is the energetic alignment
for charge injection from the VB and CB of the perovskite into the triplet state of rubrene. Our
results indicate that a strong population of PB2 and PIA2 yield a strong triplet signature. Hence
we propose that the same mechanism that populates PB2 also populates the triplet state, which we
attribute to hot carriers. A hot-carrier-based mechanism is further supported by our previous
observation that the the perovskite emission is not necessarily quenched in the presence of rubrene:
only carriers reaching the interface while they are ‘hot’ can be efficiently extracted to the triplet
state. Despite the long free carrier lifetime of halide perovskites, carriers generated further from
the interface would cool prior to reaching the interface, limiting the number of carriers that can be
rapidly extracted. However, at later times outside of our observation window, additional carriers

can slowly transfer by taking advantage of the rich phonon bath present in perovskite materials.
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