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ABSTRACT

Perovskites have gained popularity both as the active material in photovoltaics and as bulk triplet 

sensitizers for solid-state triplet-triplet annihilation upconversion (TTA-UC). Prior to widespread 

implementation into commercial photovoltaics an in-depth understanding of the environmental 

influences on device performance is required. To this point, the temperature-dependent structure-

function properties of TTA-UC within methylammonium formamidinium lead triiodide 

(MAFA)/rubrene UC devices are explored. A strong temperature dependence of the underlying 

UC dynamics is observed, where the maximum UC efficiency is achieved at 170 K reflecting the 

competition between triplet diffusion length, diffusion rate, and triplet-triplet encounter events. A 

combination of spectroscopic and structural methods and theoretical modelling illustrates that 

despite the significantly increased carrier lifetime of the perovskite at low temperatures, the 

TTA-UC dynamics are not governed by the underlying sensitizer properties but rather limited by 

the underlying triplet diffusion. 
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Introduction

Photon upconversion (UC) has the potential to increase solar cell efficiencies by harvesting and 

subsequently utilizing sub-bandgap photons.1–3 In contrast to second harmonic frequency 

generation4–6 or lanthanide-based UC,7–9 triplet-triplet annihilation (TTA) based methods benefit 

from becoming efficient at low, solar-relevant incident fluxes.10–12 In TTA-UC, electronic 

coupling of two spin-triplet states (T1) enables a spin-allowed process which ultimately generates 

a high energy excited singlet state (S1) and a ground state (S0).13–16 As TTA relies on a large 

population of excited triplet states and the direct optical transition from S0  T1 is a spin-

forbidden process, triplet sensitizers are utilized.17 To date, a wide variety of triplet sensitizers 

have been employed including metal-organic complexes with strong spin-orbit coupling,16,18,19 

nanocrystals,10,20–24 transition metal dichalcogenides,25–27 and bulk lead halide perovskites.11,28–31 

Despite promising and high-efficiency results for solution-based UC,15,32–35 similar success has 

not yet been transferred to solid-state applications due in large part to additional complications 

stemming from intermolecular interactions and back-transfer of the generated singlet states to the 

sensitizer due to the broadband absorption of e.g., semiconductor nanocrystals and perovskites.17 

For eventual device integration, the underlying complexities in solid-state TTA-UC applications 

must be explored to continue to push the boundaries of this technology. 

In real-world applications, major benefits of solution-processed perovskite-based upconversion 

devices would be their compatibility with flexible and lightweight substrates, enabling their 

integration into solar cells used in remote settings or possibly even in outer space applications.36–

39 A critical aspect of device integration for such applications is successful operation within 

environments harsher than the controlled laboratory environment. To this point, we recently 

investigated the effect of elevated temperatures (up to 60 C) on perovskite-sensitized TTA-
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UC.40 Under constant exposure to sunlight, solar cells are known to reach temperatures up to 85 

C, even in moderate climates. With the addition of an UC device, slightly lower temperatures 

are expected under operating conditions due to its location beneath the active photovoltaic. 

However, to understand their operation in climates with both elevated and at extreme low 

temperatures, the influence of both high and low temperature regimes must be understood. 

Perovskites exhibit temperature-dependent carrier diffusion rates, changes to thermal carrier de-

trapping rates, and excitonic behavior when the temperature is lowered such that ambient thermal 

energy is no longer sufficient to overcome the exciton binding energy.41 Therefore, perovskites 

also exhibit a strong temperature-dependence of the photoluminescence (PL) quantum yield 

(QY).36,42–45 It is reasonable to assume that the triplet sensitization mechanism will also be highly 

dependent upon temperature in perovskite/rubrene bilayers. Further temperature-dependent 

complexity will arise from the known lead halide perovskites phase transition from a tetragonal 

unit cell to the orthorhombic unit cell between ~150 - 100 K.46–48 This structural transition will 

impact the excited state frontier orbitals that influence the orbital overlap at the 

perovskite/rubrene interface, a fundamental requirement for the electron transfer governing the 

triplet generation process. 

In addition to the temperature-dependent properties of the perovskite sensitizer, rubrene, the 

triplet annihilator, exhibits thermally activated singlet fission (SF) and therefore, a highly 

temperature-dependent PLQY.49–51 Solid-state TTA-UC is inherently triplet diffusion 

based,17,52,53 which can either follow Marcus-type thermally activated triplet hopping model with 

a strong temperature dependence,54 or follow the disorder-driven Miller-Abrahams model at low 

temperatures, which exhibits a lesser temperature dependence.55,56 Consequently, low 
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temperatures are expected to influence both the perovskite sensitizer, as well as the dynamics 

and properties of TTA-UC. 

To deconvolute the temperature-dependent effect of changes to the sensitizer and the annihilator 

in TTA-UC, methylammonium formamidinium lead triiodide (MA0.85FA0.15PbI3) perovskite in 

presence of rubrene (MAFArub) as well as the properties of the rubrene annihilator are studied 

from 300 K to 20 K. The experimental studies demonstrate peak TTA-UC efficiency is achieved 

at 170 K, which is attributed to the competition between triplet diffusion length, diffusion rate, 

triplet-triplet encounters, and structural perturbation. The results suggest tuning of the molecular 

interactions and structure can provide a means to control the peak upconversion temperature. We 

have previously shown that for solution-processed UC devices, the dopant dye 

dibenzotetraphenylperiflanthene (DBP) does not play a significant role in the obtained brightness 

of UC. To avoid possible temperature-dependent effects from DBP harvesting the emissive 

rubrene singlet state via a Förster resonance energy transfer step,57,58 here, rubrene is used as 

both the annihilator and emitter species to understand the properties of the upconverted emission 

stemming from the MAFArub UC devices. 

Results and Discussion

The influence of low temperature on both the perovskite sensitizer as well as rubrene annihilator 

within MAFArub bilayer UC devices is investigated. The absorption and emission properties of 

the bilayer film are monitored between 300 K and 20 K in steps of 10 K. In Figure 1a,b, the 

expected redshift in both the perovskite absorption onset and the steady-state photoluminescence 

(PL) is observed. However, at ~110 K, the absorption onset rapidly blue shifts and splits into two 

distinct optical features. This redshift followed by a discrete jump in the optical bandgap has 
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been previously investigated in perovskites and assigned to a phase transition from the tetragonal 

to the orthorhombic perovskite phase.46,48,59 The absorption and emission features split (Figure 

1a,b) into multiple transitions during the phase transition from the tetragonal to orthorhombic 

crystal structure at ~110 K, which is unaffected by the presence of rubrene (Figure 1c). Probing 

the underlying perovskite structure within the MAFArub bilayers via temperature dependent X-

ray diffraction (XRD) studies shows broadening of the perovskite reflections (Figure 1c, right) 

occurring post-phase transition indicative of an increase to disorder. The splitting of the optical 

absorption and emission post-phase transition can be correlated to phase segregation of the 

mixed cation perovskite, leading to methylammonium-richer (MA0.85+xFA0.15-xPbI3) and 

formamidinium-richer (MA0.85-xFA0.15+xPbI3) domains, of which the former exhibits a slightly 

larger bandgap than the latter.60 In addition, a third high energy peak appears at 750 nm post-

phase transition which has been previously attributed to the orthorhombic phase within CH-

3NH3PbI3 thin-films.42

Figure 1: a) Temperature dependent absorption spectra (left) for the 100 nm MAFArub bilayer highlighting the changes to the 
perovskite onset as the film is cooled from 300 K to 20 K (red to blue). Talc plots (right) for the two phases, denoted by grey 
octagons and stars, with the phase transition at 110 K included. b) Direct PL spectra for MAFArub bilayer cooling from 300 K to 
20 K collected under 405 nm excitation. Three spectra were collected at each temperature then averaged. Spectral inset 
highlights the growth of the high energy feature at 750 nm. Grey arrows are included as guides to the eye. c) MAFArub XRD 
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patterns (left) collected from 290 K to 30 K. The asterisk denotes the instrumental artifacts. Grey dashed lines are included to 
highlight peak change. Calculated full-width at half max (FWHM) for the (220) plane across the temperature range.  

To investigate the influence of temperature on the UC process, as well as the rubrene layer itself, 

the emission from rubrene in MAFArub was investigated under both 780 nm excitation 

(upconverted emission, Figure 2a) and 405 nm excitation (direct emission, Figure 2b). The 

upconverted emission is observed to sharply increases in intensity when the temperature is 

initially lowered. At 230 K, the maximal upconverted intensity is reached, after which the 

upconverted PL intensity slowly drops before a significant reduction in upconverted emission is 

observed below 90 K (Figure 2c, top). 

Figure 2: a) UCPL for the 100 nm MAFArub bilayer collected under 780 nm (150 W cm-2)excitation while cooling from 300 K to 
20 K where three spectra were collected at each temperature then averaged. b) Direct emission of the MAFArub bilayer under 
405 nm excitation collected while cooling from 300 K to 20 K. A 700 nm short-pass filter was used to isolate dye emission. Three 
spectra were collected at each temperature then averaged. Grey arrows are included as guides to the eye. c) (top) Integrated 
direct (lavender) and upconverted (red) emission for the bilayer film. (middle) Integrated UCPL (ηUC,ex) normalized to the 
absorption overlap of the bilayer film with the excitation laser (α(E)). Dashed grey line represents Tmax = 170 K. (bottom) The 
absorption, normalized integrated UCPL spectra normalized by the quantum yield of rub under direct excitation, with the 
equation included. Here, Tmax

’ is 230 K, indicated via the dashed grey line. d) Photographs of the MAFArub bilayer under 780 
nm excitation at select temperatures.
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The observed UC behavior in the bilayer in Figure 2 is complicated by a set of temperature 

dependent behaviors that impact the relative external (  and internal (  UC yield. The 𝜂𝑈𝐶,𝑒𝑥) 𝜂𝑈𝐶,𝑖𝑛𝑡)

‘external’ upconversion efficiency  (incident photons vs. upconverted photons) is evaluated 𝜂𝑈𝐶,𝑒𝑥

by considering the triplet generation efficiency based on charge transfer ( ), the efficiency of 𝜂𝐸𝑇

TTA ( ), as well as the QY of rubrene ( ), all of which dictate the fraction of TTA-𝜂𝑇𝑇𝐴 𝜂𝑟𝑢𝑏

generated singlet states that subsequently relax through radiative recombination, as shown below 

in equation 1. 

(1)𝜂𝑈𝐶, 𝑒𝑥 ∝ 𝜂𝐸𝑇𝜂𝑇𝑇𝐴𝜂𝑟𝑢𝑏

The ‘internal’ UC efficiency ( ) is dependent on the absorption cross section  of the 𝜂𝑈𝐶,𝑖𝑛𝑡 𝛼(𝐸)

perovskite sensitizer at the excitation wavelength of 780 nm. Due to the observed strong 

temperature dependence of the perovskite absorption onset (vide supra), we expect a significant 

impact on the yield of UC. Hence, to decouple the varying excitation density from the UC yield, 

 is normalized by the overlap integral of the 780 nm excitation laser and the perovskite 𝜂𝑈𝐶,𝑒𝑥

absorption  (Figure 2c, middle). 𝛼(𝐸)

(2)𝜂𝑈𝐶,𝑖𝑛𝑡 =  𝜂𝑈𝐶,𝑒𝑥/𝛼(𝐸)

The same general trend holds, where the internal UC efficiency first increases to Tmax = 170 K 

and then rapidly decreases after the perovskite phase transition at 110 K. 

Since singlet fission (SF) in rubrene is also known to be thermally activated, reducing the 

available ambient thermal energy by cooling the sample will result in a reduction of the rate of 

SF and thereby increase the QY of rubrene under direct excitation (Figure 2b).49,51 To decouple 

the underlying QY of the annihilator from the TTA-UC process of interest here, the upconverted 
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PL intensity is further normalized by the underlying rubrene PL intensity   (Figure 2c, Φrub

bottom). 

) (3)𝜂𝑈𝐶,𝑖𝑛𝑡 =  𝜂𝑈𝐶,𝑒𝑥/(𝛼(𝐸)Φrub

After decoupling both the sensitizer absorption cross section as well as the annihilator emission 

QY, the UC intensity peaks at Tmax’ = 230 K after which a gradual roll-off is found. This 

highlights that room temperature is not the ideal temperature for TTA-UC in this system. 

To ensure that the changes in the peak UCPL intensity are not simply due to a change in the 

intensity threshold Ith, the power dependence of the UCPL is investigated at different 

temperatures. The Ith describes the incident power at which TTA-UC becomes the dominant 

triplet decay pathway,61 and the TTA-UC process becomes efficient. For excitonic systems, this 

is found as the point where the UCPL changes from a quadratic power dependence to a linear 

power dependence. On a log-log plot, this amounts to a change in slope from  = 2 to  = 1. 

However, in the case of perovskite-sensitized UC, we have found the underlying perovskite PL 

power dependence I to be critical, which is determined by the competition of bimolecular (non-

geminate) and monomolecular (trap-assisted) charge carrier recombination;11 here, a change in 

slope from 2I
 to I is found. Above the linear regime, the saturation regime shows a 

diminished power dependence, where the UCPL increases sub-linearly with increasing power. 

Figure 3 shows the power dependence at the key points: room temperature, near Tmax (200 K is 

chosen as it is the average between Tmax and Tmax’), and at 80 K, below which the UCPL 

intensity strongly diminishes and approaches zero. 
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Figure 3: Temperature dependent power dependent UCPL (filled) and perovskite PL (rings) for the MAFA/rub bilayer under 780 
nm excitation for 300 K (top), 200 K (middle), and 80 K (bottom). The intersection of the dashed grey lines for the two regimes 
yields the intensity threshold (Ith, dark grey box) at all the three temperatures. The saturation regime of the UCPL is indicated by 
the light grey box.

The results indicate that the Ith is directly related to the observed UC intensity: a higher UC 

intensity is related to a lower intensity threshold. However, since all steady-state UCPL 

measurements are performed well above the Ith, the change in the threshold power cannot be the 

underlying cause of the change in the UC efficiency.  

To further understand the underlying cause of this increase in the UC efficiency at low 

temperatures, the dynamics of the perovskite PL in absence and in presence of the annihilator 

(Figure 4a,b) are investigated. The resulting PL decays are fit to a triexponential function to fully 

capture the complex dynamics occurring. 

(4)𝐼(𝑡) = 𝐴1e
―t

𝜏1 + 𝐴2e
―t

𝜏2 + 𝐴3e
―t

𝜏3

The resulting lifetimes and amplitude-weighted average lifetimes  are plotted in 𝑎𝑣𝑒 =  
∑𝐴𝑖𝜏𝑖

∑𝐴𝑖

Figure 4b and tabulated in Table 1.
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In agreement with previous reports, a general increase of the perovskite PL lifetime with 

decreasing temperature (Figure 4a) is found.42 Below the phase transition at ~110 K, an 

additional rapid early time component is present, possibly due to generation of deep traps during 

the phase transition and phase segregation or varying emission rates from the different emissive 

species. In the presence of rubrene, the lifetime monotonically increases from 3.6 ns at 300 K to 

17.7 ns at 20 K (Figure 4b, bottom). However, in comparison to the neat perovskite, the PL 

dynamics are considerably quenched, indicating charge extraction at the perovskite/rubrene 

interface.  

Figure 4: a) Temperature-dependent perovskite PL decays for the neat MAFA film (left) and MAFArub bilayer (right) collected 
under 635 nm pulsed excitation (125 kHz). Triexponential fits are included as grey lines for the MAFA decays. The grey arrow is 
included as a guide to the eye for the MAFArub decays. b) Amplitude weighted average lifetimes (ave) for the MAFA (top) and 
MAFArub (bottom) films. Grey arrows are included as guides to the eye.

Table 1: Fitting parameters for MAFA (black) and MAFArub (red) perovskite PL decays based on a triexponential fit and the 

amplitude-weighted average lifetime. 

Temp (K) A1 τ1 (ns) A2 τ2 (ns) A3 τ3 (ns) τave (ns)
300 0.2 1.0 3.1 2.1 0.45 0.05 42.5 12.6 0.4 0.005 100 177 55.6 3.4
250 0.2 0.8 4.8 2.0 0.7 0.2 39 11.4 0.1 0.01 100 161 38.5 5.9
200 0.2 0.7 4.6 1.8 0.4 0.3 37.6 13.3 0.4 0.01 102 128 53.2 7.8
140 0.3 0.7 20.3 2.4 0.6 0.3 186 20.1 0.02 0.04 1000 100 143 11.6
80 0.4 0.6 27 2.6 0.5 0.3 230 23 0.07 0.07 1000 87 236 15.1
20 0.6 0.6 12.7 2.2 0.2 0.3 153 18.5 0.1 0.1 1000 108 186 17.1
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While quenching of the perovskite PL dynamics at early times does support that triplet states are 

generated in rubrene, it can also simply be explained by hole extraction. To further support the 

hypothesis for triplet generation, temperature-dependent ultrafast transient absorption 

spectroscopy is utilized to investigate the triplet generation process at the perovskite/rubrene 

interface (Figure 5). In order to reduce the signal from the bulk of the perovskite sensitizer, we 

utilize 30 nm thick perovskite layers here rather than aforementioned 100 nm films used for the 

steady-state investigations. To complete the picture of the underlying temperature dependence, 

MAFArub data at temperatures higher than 300 K is also included.40 We have previously shown 

that the characteristic excited state absorption (ESA) correlated to the spin allowed T1  T3 

transition in rubrene appears within the first nanosecond after excitation at room temperature.62,63 

Comparing the absorption spectra of the perovskite/rubrene bilayer at selected delay times for 

340 K, 295 K, 200 K, and 80 K, the expected perovskite-related ground state bleach (GSB), 

perovskite-related photobleach appearing at higher energy (PB2), perovskite photoinduced 

absorption (PIA), as well as the emergence of the rubrene T1  T3 excited state absorption 

(ESA) are observed across all investigated temperatures (Figure 5a).62 To compare the optical 

density of the rubrene triplet ESA, the absorption spectrum after 4 ns is extracted at each 

temperature (340 K to 80 K) (Figure 5b). Only slight differences to the triplet-related signal are 

found, indicating that the rapid drop-off observed in the UCPL below 100 K is unrelated to the 

efficiency of interfacial triplet generation (Figure 5c). Lastly, we investigate the temperature-

dependent recovery of the perovskite GSB (Figure 5d). At low temperatures, the GSB recovers 

rapidly within the first 100 ps and slower at later times, which can likely be correlated to a higher 

fraction of rapid excitonic recombination in the perovskite at lower temperatures at early times, 

followed by a reduction in the rate of free charge carrier recombination. 
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Figure 5: a) Temperature dependent transient absorption spectra extracted at specific delay times for a MAFArub bilayer film 
with a thinner perovskite (30 nm) to allow a sufficient signal-to-noise ratio under 700 nm pump at a pulse power of 23.6 mJ cm-2. 
The characteristic perovskite high energy photobleach (PB1), ground state bleach (GSB), and photoinduced absorption (PIA) 
features are labeled. The rub T1  T3 transition at 510 nm is included in the spectral inserts. Excess pump scattering is denoted 
via the grey box. b) The raw spectra for MAFArub extracted at 4 ns across the different temperatures under 700 nm pump at a 
pulse power of 7.8 mJ cm-2. Pump scattering denoted by the grey box. c) ΔA values extracted at 550 nm for the different spectra 
shown in b) normalized to the value at 295 K. The grey curved trace is included as a guide for the eye. d) GSB kinetics for the 
four temperatures shown in a), with the amplitude weighted average lifetimes included. Grey arrows are included as guides. 

Finally, the kinetics of the upconverted PL are considered. Due to the rapid nature of the actual 

TTA-UC process, the upconverted PL dynamics are rate-limited by the underlying triplet 

diffusion kinetics yielding the delayed rise in the UCPL. At later times however, the upconverted 

PL dynamics are rate limited by the lifetime of the excited triplet state. We have previously 

observed that the rise time of the upconverted PL dynamics is closely tied to the triplet 

population density,53 and two distinct TTA-UC processes can occur: rapid UC at the interface 

and diffusion-mediated TTA-UC further from the interface, where the latter has a higher 

apparent QY due to reduced singlet back transfer to the perovskite sensitizer. Figure 6a shows 

the normalized upconverted PL kinetics with their corresponding fits, offset for ease of 
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comparison. The extracted rises and decays for the UCPL decays are tabulated in Table 2. The 

first four temperatures (300 K to 140 K) were fit to single exponential terms for both the rise and 

decay components while the 80 and 20 K lifetimes were better fit with a biexponential rise. Of 

note is for the lowest temperature 20 K, 40% of the upconverted PL rise occurs in the first 200 

ns, indicating a significant amount of the triplet states rapidly undergo TTA-UC without 

diffusion. Since triplet generation at the perovskite/rubrene interface and TTA-UC are known to 

be (ultra-)fast processes, slow diffusion to a triplet encounter is the rate-limiting process for 

TTA-UC away from the interface and as a consequence, the slow rise into the peak emission can 

be used as a proxy for the rate of triplet diffusion. As expected, based on an Arrhenius-type 

triplet hopping mechanism with an activation energy Ea, the rate of diffusion initially slows with 

decreasing temperature T (Figure 6b).

(5)𝑘ℎ𝑜𝑝 = 𝐴 ∙ exp ( ―
𝐸𝑎

𝑘𝑇)

The UCPL rise time noticeably slows from 0.60 to 1.56 μs between 300 K and 140 K, yielding 

an activation barrier of 21.4 meV for triplet diffusion. Interestingly, the rise accelerates below 

140 K, which could be indicative of a change in diffusion mechanism from the Arrhenius-type 

activated triplet hopping to a disorder mediated Miller-Abrahams model at very low 

temperatures, or simply be an artifact caused by an increased triplet density near the interface 

due to reduced triplet movement. Thermal contraction of the crystal lattice and a first-order 

phase transition impacting the herringbone slip-stacking has also been observed in rubrene at 

~200 K, which has been shown to influence the intermolecular coupling.64 As a result, the triplet 

diffusion rate khop would be influenced according to Fermi’s Golden rule (equation 6):52

(6)𝑘ℎ𝑜𝑝 = 𝑘𝑖𝑓 =
2𝜋
ℏ |𝐽𝑖𝑓|𝑆𝑖𝑓
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where Jif describes the electronic coupling and Sif the overlap integral of the vibronic state of the 

initial and final state. The late time UCPL decay, then, is rate-limited by the effective triplet 

lifetime which decreases with increasing temperature, indicating additional triplet relaxation 

pathways at elevated temperaures.65 

Table 2: Extracted decays and rises for the MAFArub UCPL traces based on a single exponential fits to the rise and decay for 
300 K to 140 K and a biexponential rise for 80 K and 20 K.
Temp (K) τdecay (μs) A1 τrise (μs) A2 τrise (ns)

300 23.11 - 0.60 - -
250 29.20 - 0.73 - -
200 33.91 - 0.90 - -
140 67.56 - 1.56 - -
80 75.13 0.77 1.51 0.23 107
20 79.22 0.60 1.27 0.4 83.4

A theoretical model can be generated from first-principal temperature dependencies where no fit 

minimization is performed to support the observed temperature-dependent upconverted PL 

intensity. Data points for MAFArub at temperatures above 300 K are included to ensure the 

model matches the behavior at all temperatures of interest.40 The UCPL intensity (IUC) is 

dependent upon the PL QY of the annihilator ( ), triplet population (NA), overall lifetime of Φ𝑃𝐿

the triplet annihilator (kT), and bimolecular rate constant describing TTA .52,66,67𝑘𝑇𝑇𝐴

.   (7)𝐼𝑈𝐶 =  ∫∞
0 Φ𝑃𝐿

𝑘𝑇𝑇𝐴[𝑁𝐴]2

2𝑘𝑇
 

In solid-state UC systems,  is proportional to , which can further be described as the 𝐼𝑈𝐶 𝑘𝑇𝑇𝐴

product of the triplet diffusivity ( ), the effective annihilation distance ( ), and triplet 𝐷𝑇 𝑅𝑇𝑇

population ( ):52𝑁𝐴

(8)𝐼𝑈𝐶 ∝ 𝑘𝑇𝑇𝐴 = 8𝜋𝐷𝑇𝑅𝑇𝑇𝑁𝐴
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Due to the short-range nature of the wavefunction overlap required for TTA-UC, the effective 

annihilation distance  is estimated at 1 nm.52 The triplet diffusivity  for three dimensional 𝑅𝑇𝑇 𝐷𝑇

diffusion is related to the diffusion length ( ) and the triplet lifetime ( ): 𝐿 𝜏𝑇

.            (9)𝐷𝑇 =
𝐿2

6𝜏𝑇
 

Figure 6: a) UCPL dynamics for the 100 nm MAFArub film for the specified temperatures under 780 nm excitation at an 
average power density of 19 mW cm-2. Each decay is normalized to the maximum and offset for clarity, fits are shown as solid 
lines. b) The triplet rise times are compared in an Arrhenius plot, where the four highest temperatures are linearly related with 
an activation energy of 21.4 meV associated with the energy barrier for an Arrhenius-type hopping mechanism. The lowest 
temperatures feature a negligible activation energy of -0.4 meV, indicative of a transition to an energetically favorable Miller-
Abrahams type regime. c) Normalized UCPL model following an inverse temperature dependence for the diffusion length, similar 
to triplet behavior observed previously in anthracene (dashed grey curve).68 The dark grey triangles utilize experimental triplet 
decay lifetimes while the red triangles are triplet rise lifetimes. d) The same normalized UCPL compared with a similar diffusion 
model using an empirical diffusion model (dashed grey curve) ( ) where the triplet diffusivity is a 𝐼𝑈𝐶 ∝ 𝑘𝑇𝑇𝐴 = 8𝜋𝐷𝑇𝑅𝑇𝑇𝑇𝐸

convolution of a linearly temperature dependent triplet lifetime, a square root temperature dependent diffusion length, and the 
experimentally measured triplet density trend. The higher temperature data points indicated via stars in both c) and d) were 
extracted from ref40.

The trend in the relative triplet population ( ) is estimated based on the optical density of the 𝑁𝐴

rubrene PIA at 550 nm (Figure 5c), where a slight temperature dependence is found in the 

investigated temperature range despite the 80-fold increase in the perovskite PL QY and 3-fold 

increase in the perovskite PL lifetime. These findings emphasize that the limiting factor for 

triplet generation at the perovskite/rubrene interface is not the perovskite PL lifetime nor 
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perovskite QY. The triplet lifetime ( ) is approximated by the decay time of the upconverted PL 𝜏𝑇

( ) (Table 2). If the temperature dependence of the triplet diffusion length (L) in 𝜏𝑇 ∝ | ―𝑇|

rubrene is assumed to mimic a similar trend as in anthracene ( ) where a strong 𝐿 ∝ | ―𝑇 ―1|

temperature dependence is found at low temperatures and a lesser dependence at higher 

temperatures,68,69 the model quickly fails at temperatures above 50 K (Figure 6c). 

To reconcile the turnover in the upconverted PL intensity above Tmax = 170 K, additional 

thermally activated pathways which reduce the number of triplets available for TTA-UC are 

required.70,71 Increased temperature will increase triplet diffusion rates based on thermally 

activated hopping, which results in triplets reaching quenching sites more rapidly and reduces the 

effective triplet diffusion length L.40 As a result, with increasing temperatures, an increasing 

portion of the initially generated triplet states will be quenched via other pathways rather than the 

desired bimolecular TTA-UC pathway, leading to a decrease in the available triplet population at 

time t.67

  (10) 
𝑑[𝑁𝐴]𝑡 

𝑑𝑡 =  ― 𝑘𝑄[𝑁𝐴]𝑡 ― 𝑘𝑇𝑇𝐴[𝑁𝐴]2
𝑡

Here, kQ is the rate for additional unimolecular triplet quenching pathways. In the strong 

annihilation limit, substitution of the analytical solution of equation 10 into equation 7 yields a 

simple direct proportionality of the upconversion intensity on the triplet population.67 

, (11)𝐼𝑈𝐶 ∝ [𝑁𝐴]

Hence, the additional triplet decay pathways at elevated temperatures will strongly reduce the 

available triplet population which is reflected in the observed TTA-UC efficiencies at 

temperatures above Tmax 
 = 170 K. Compared to a hopping-free anthracene,  is adjusted to 𝐿

approximate the expected temperature dependence for a trap-based model for TTA-UC at the 
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perovskite/rubrene interface. The proposed change in  is also in agreement with other 𝐿

observations of charge-carrier recombination dynamics in CH3NH3PbI3.72 

Figure 5d shows the agreement of the adjusted model compared to the experimental data when 

including a triplet diffusion length reducing with increasing temperature ( ).73 𝐿 ∝ | ―𝑇|

Comparing both modeling results to the experimental data, we find that the triplet diffusion 

length is critical to understanding UCPL dynamics as a function of temperature and should be 

investigated for future temperature dependent studies. For further model validation, the 

experimentally determined triplet lifetime rises (τrise, red triangles) and decays (τdecay, dark grey 

triangles) from Table 2 are used to estimate the expected UCPL trend more precisely (Figure 

6c,d). Using the experimental lifetimes, the anthracene-based model fails above 80 K as 

observed previously with the diffusion length modeling, and very good agreement for the 

adjusted model at all temperatures, except for 140 K. We hypothesize that as 140 K is near the 

suspected transition between Arrhenius-type activated hopping and Miller-Abrahams mediated 

disorder, the model underestimates UCPL in this region.

CONCLUSION

In summary, we observe a strong temperature-dependence of the upconverted PL QY for the 

MAFArub system. Interestingly, the strong temperature dependence is not related to 

temperature-dependent changes in the perovskite properties, rather it can be explained by a 

change in the triplet diffusion underlying TTA-UC. Despite the high rubrene QY at low 

temperatures due to suppressed thermally activated SF, we find that the rate of triplet collisions 

is greatly reduced due to a reduction in the triplet diffusion rate. At temperatures above Tmax, the 

upconverted PL QY is reduced due to increased triplet quenching, which yields a reduced triplet 
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population available for TTA-UC. Importantly, these results highlight for this perovskite-

sensitized system explored here, temperatures below 298 K are ideal for TTA-UC, and that 

longer perovskite PL lifetimes at low temperatures do not increase the yield of TTA-UC despite 

longer lived carriers. Hence, the carrier lifetime in the perovskite is not the limiting factor for 

triplet generation.

EXPERIMENTAL

Film Fabrication

Glass substrates were cleaned via sonication in the following solutions for 15 min: 2% 

Hellmanex, deionized water, ethanol, and acetone. The substrates were placed in a UV-ozone 

plasma cleaner (Ossila) for 15 min. Precursor solutions of 1.2 M methylammonium iodide (MAI, 

Dyenamo) and formamidinium iodide (FAI, Dyenamo) were dissolved in a solution of 

DMF/DMSO (9:1 v/v, Sigma) containing lead iodide. Precursor solutions were diluted to either 

half or one fifth of the original concentration to make the ∼100 and ∼30 nm films, respectively. 

The precursor solutions were spin coated using a two-step program: 1000 rpm for 10 s and 5000 

rpm for 30 s. Chlorobenzene (Sigma) was used as the antisolvent, and the thin films were 

annealed at 100oC for 15 min. To fabricate MAFArub bilayer films, rubrene (rub, 10 mg mL-1) in 

anhydrous toluene (Sigma) was spin-coated onto the perovskite post-fabrication at 6000 rpm for 

20 s. All films were encapsulated in an inert nitrogen-filled glovebox using two-part epoxy 

(Devcon).

For the temperature-dependent XRD studies, bilayer films were deposited onto sapphire 

substrates in an effort to minimize background.

Steady-State Optical Spectroscopy
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All visible absorption spectra were collected using a Thermo Scientific Evolution 220 

spectrophotometer.

Steady-state PL spectra were collected by an Ocean Optics spectrometer (HR2000+ES). Direct 

excitation emission for all films were collected via a 405 nm continuous wave laser (LDH-D-C-

405, PicoQuant) at 0.6 mW. Excess laser scatter was removed via a 425 long-pass filter (Chroma 

Tech.). Upconverted emission for the MAFA/rub bilayers were collected using a 780 nm 

continuous wave laser (LDH-D-C-780, PicoQuant) at 30 mW (200 μm spot size). A 700 nm 

short-pass filter (ThorLabs) was used to isolate the upconverted emission.

Time-Resolved Photoluminescence Spectroscopy

Time-resolved PL measurements for the perovskite PL decays were collected under 635 nm 

picosecond pulsed excitation (LDH-P-C-635M, PicoQuant) at 125 kHz and 4.3 μW. An 800 nm 

long-pass filter (ThorLabs) and 633 nm notch (ThorLabs) were used to isolate the perovskite PL 

and minimize laser scattering. Upconverted PL decays were measured under 780 nm picosecond 

pulsed excitation (LDH-D-C-780, PicoQuant) at 32 kHz and 3.8 μW. A 650 nm short pass 

(ThorLabs) and 700 nm short pass (ThorLabs) filters were used to isolate the UCPL and remove 

excess laser scatter. The single photon counting avalanche photodiode used was from Micro 

Photon Devices, and all collected PL decays were histogrammed by a HydraHarp 400 

(PicoQuant) event timer.

Power-Dependent PL Measurements

Both UCPL and perovskite PL power dependencies for the MAFA/rub bilayer were collected 

under 780 nm continuous wave excitation (LDH-D-C-780, PicoQuant). A silicon power meter 

(PM100-D, ThorLabs) was used to measure the laser powers, and neutral density filters 

(ThorLabs) were used to attenuate powers. For the perovskite PL, a 780 nm notch (ThorLabs) 
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and 800 nm long-pass filter (ThorLabs) were used to remove excess laser scatter. A combination 

of a 780 nm notch (ThorLabs), 700 nm short-pass (ThorLabs), and 650 nm short-pass 

(ThorLabs) were used to isolate UC emission and remove laser scattering. All photon arrival 

times were counted for 20 s by a HydraHarp 400 (PicoQuant) event timer with a single-photon 

avalanche photodiode (Micro Photon Devices). The spot size (200 m) was determined using a 

razor blade.

Temperature Control 

Temperature control for steady-state and time-resolved emission studies were achieved via a He-

filled cryocooler (Air Products). Encapsulated films were mounted onto a cold-finger optical 

sample mount prior to sheath evacuation (~10-5 mBar) where a PID Digital Temperature 

Controller Model 9650 (Scientific Instruments) was used to attain and maintain desired 

temperature. For each temperature point, the cold-finger was left to equilibrate for approximately 

1 min prior to collecting absorbance and PL spectra.

Transient Absorption Spectroscopy 

Transient absorption was performed using an 800 nm, 35 fs pulse width, 2 kHz, amplified 

titanium:sapphire laser (Spectra Physics, Spitfire). White light probe pulses were produced by 

focusing a portion of the output into a 2 mm thick sapphire crystal following a time delay that 

was controlled using a mechanical delay stage and retroreflector. Pump pulses were produced 

using an optical parametric amplifier (Light Conversion, TOPAS) that afforded tunable near-

infrared light, which was then converted into red photons via harmonic generation. The pump 

was reduced to 1 kHz repetition rate using a mechanical chopper. Both pump and probe were 

focused and overlapped on the sample with the pump spot exceeding twice the diameter of the 

probe. Probe pulses were spectrally dispersed after passing through the sample and compared for 
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pump on versus pump off intensity on a single shot basis. All data was collected under a 700 nm 

pump at either 6 mW (180 um spot size, Figure 5a,d) or 4.12 mW (260 um spot size, Figure 

5b,c).

X-ray Diffraction

The XRD diffraction experiments were performed using a Rigaku UltraX-18 rotating anode 

generator with Cu source. The X-ray radiation from the source passed through an elliptic mirror, 

specifically designed for the Cu Kα wavelength (AXO Dresden GmbH, f1=350 mm, f2=3500 

mm), to increase the signal intensity. The reflections were measured using a hybrid pixel area 

detector (DECTRIS Pilatus 300k wide) with the pixel size of 0.172 x 0.172 mm2. The distance 

from the sample to the detector was about 430 mm along the normal to the plane of the detector. 

The sample was placed in vacuum and mounted on a copper sample holder inside a  Displex 201 

closed-cycle cryocooler with Be walls for X-ray transparency. During the measurements, the 

sample orientation with respect to incoming beam was determined by optimizing the observed 

peak. 
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