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We report the effect of crystal structure and crystallite grain size on singlet fission (SF) in polycrystalline tetracene, one of 

the most widely studied SF and organic semiconductor materials. SF has been comprehensively studied in one polymoprh 

(Tc I), but not in the other, less stable polymorph (Tc II). Using carefully controlled thermal evaporation deposition 

conditions and high sensitivity ultrafast transient absorption spectroscopy, we found that for large crystallite size samples, 

SF in nearly pure Tc II films is significantly faster than SF in Tc I films. We also discovered that crystallite size has a minimal 

impact on the SF rate in Tc II films, but a significant influence in Tc I films. Large crystallites exhibit SF times of 125 ps and 

22 ps in Tc I and Tc II, respectively, whereas small crystallites have SF times of 31 ps and 33 ps. Our results demonstrate 

first, that attention must be paid to polymorphism in obtaining a self-consistent rate picture for SF in tetracene and 

second, that control of polymorphism can play a significant role towards achieving a mechanistic understanding of SF in 

polycrystalline systems. In this latter context we show that conventional theory based on non-covalent tetracene couplings 

is insufficient, thus highlighting the need for models that capture the delocalized and highly mobile nature of excited 

states in elucidating the full photophysical picture. 

Introduction 

Overcoming fundamental limits to photovoltaic (PV) efficiency, 

first laid out by Shockley and Quiesser,
1
  could lower barriers 

to utilization of solar power in a variety of practical scenarios. 

Singlet fission (SF) is a process with the potential to enhance 

PV efficiencies to beyond the Shockley-Quiesser limit, 

increasing the theoretical maximum power conversion 

efficiency from ~33% to ~45%.
2-4

 During SF an excited singlet 

exciton splits into two triplet excitons each with approximately 

half the energy, a process which could accentuate the 

performance of a lower bandgap semiconductor such as silicon 

by generating photocurrent via triplet injection or energy 

transfer rather than losing excess photon energy to heat. SF is 

analogous to multiple exciton generation in, e.g. 

semiconductor nanocrystals,
5
 with the added potential of 

molecular and crystallographic control through chemical 

synthesis. While much theoretical
6-14

 and experimental
15-21

 

work has focused on the mechanism of SF, it has only been 

utilized in a few PV device moieties.
22-25

 From the limited 

number of applications, it is clear that taking full advantage of 

SF requires a more complete understanding of the mechanism 

and a wider array of systems supporting efficient SF. 

Only a few classes of molecules have demonstrated efficient 

SF, including carotenoids,
26, 27

 perylene diimides,
28, 29

 

semiconducting polymers
30

 and polyacenes.
16-21, 23-25

 Electronic 

coupling, energetics, and mixing between singlet, charge 

transfer, and doubly excited states determine whether the SF 

mechanism is a mediated or direct process.
31

 These can be 

affected by molecular structure, such as changing the 

energetics by adding electron donating or withdrawing groups 

to the chromophore;
32

 and can also be affected by the crystal 

structure, which can be influenced by substitution of side 

chains
16, 33-35

 or altering the film preparation conditions to 

access unique polymorphs.
8, 36, 37

 In addition to these 

controlling properties, which may be thought of as intrinsic to 

the molecular and crystallographic structure, there may be 

extrinsic effects due to defects, impurities, interfaces, and 

differing dielectric environments. Whereas it has long been 

observed that crystallite size, and therefore grain boundaries, 

affects charge carrier mobilities and other semiconductor 

properties,
38, 39

 only recently has it been shown that crystallite 

size affects the rate of SF in polyacenes, specifically in 

polycrystalline films of tetracene.
40

 The variation of SF times 

reported for polycrystalline tetracene
15, 41-44

 may thus reflect 

measurements made on films of unknown or uncontrolled 

crystallite size as well as the underappreciated role of 

polymorphism within thin films, even in relatively small 

proportion. 
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In this Article, we present results directly determining the effects of crystal polymorph and crystallite size on the rate of  

 
Figure 1 (a) XRD showing the (001) peak for the four film types. (b) AFM images of Tc I (top) and Tc II (bottom) films, with small (le ft) and large (right) crystallites. Scale 
bars = 2 µm. (c) Orientation of the dimers in the ab-plane corresponding to an [a b] translation vector of [½ ½] in Tc I (top) and Tc II (bottom). (d) View of the 
herringbone structure in the ab-plane. Centroid molecule distances between the centre molecule and the nearest-neighbours are Tc I [1 0] = 6.056 Å, [-½ ½] = 4.773 
Å, and [½ ½] = 5.125 Å; Tc II [1 0] = 5.909 Å, [-½ ½] = 4.711 Å, and [½ ½] = 4.787 Å. See ESI for details of dimer distances and labelling. 

SF in polycrystalline tetracene thin films. We deposited films of 

two polymorphs of tetracene
45-47

 and varied the crystallite size 

for each one. Using ultrafast transient absorption 

spectroscopy, we show that for larger grain size, Tc II films 

exhibit faster SF than the more commonly deposited and 

studied Tc I films. In addition, consistent with the results of 

Piland et al.,
40

 we found that for Tc I, smaller crystallites lead 

to significantly faster SF. However, Tc II films exhibit a 

drastically reduced dependence on crystallite size. 

Examination of the crystal structures of the two polymorphs 

leads to some rationale for the distinct behaviour, but 

calculation of electronic couplings between pairs of molecules 

suggests the highest SF rate should occur between two specific 

partners in the Tc I polymorph, in apparent disagreement with 

experiment. We argue that gaining intuition about the rate of 

SF in systems like tetracene requires more comprehensive 

models that simultaneously account for the influence of 

effects not dominated by an individual pairwise interaction. 

Results 

Film Structural Characterization 

Polycrystalline tetracene thin films were prepared by thermal 

evaporation onto glass microscope coverslips. The substrate 

holder and evaporator geometry enabled up to 10 nearly 

identical films to be deposited simultaneously. The 

evaporation system was housed within a nitrogen glovebox, 

allowing samples to be sealed for optical measurements 

without ever being exposed to air. Substrates at room 

temperature or heated to 65°C produced predominantly Tc I 

films while substrates cooled to liquid nitrogen temperature (-

180°C) yielded predominantly Tc II films.  

X-Ray diffraction allows for a simple differentiation 

between film types (Fig 1a). Tetracene molecules deposited on 

dielectric substrates align with the long molecular axis nearly 

perpendicular to the substrate plane, causing the crystal ab-

plane to be parallel to the surface while the c-axis is directed 

toward the surface normal. Polycrystalline domains are 

isotropically distributed about the substrate normal, leaving 

only the (00c) peaks observable in XRD. The peaks at 7.3° and 

6.9° are assigned to diffraction from the (001) planes of Tc I 

and Tc II, respectively.
47

 Inspection of the crystal structure 

provides initial justification for this assignment, as tighter 

packing along the c-axis is evident for Tc II compared with Tc I, 

leading to the lower diffraction angles for Tc II.  The calculated 

diffraction spectrum (Fig S3) from the full crystal structure 

reveals an excellent match between experiment and expected 

spectra. By fitting to two peak functions and extracting the 

peak areas, we generally measured ~10:1 polymorph ratios 

under optimized conditions (Fig. 1a), although there is a 

thickness dependence for the ratio of Tc II:Tc I during cold 

depositions (thicker films favour more enrichment of Tc I 

character). Heated substrates generally induced purer Tc I 

films compared with room temperature substrates. In 

addition, Tc II films transform into Tc I films over a few weeks 

to months, although this could be dramatically slowed by 

storage below room temperature. Only samples with verified 

polymorph purity ≥90% were used in the optical experiments. 

By varying the deposition rate, considerable control of 

crystallite grain size was achieved (Fig. 1b). Fast deposition 

rates near 5.0 Å/s yielded crystallites measured with atomic 

force microscopy (AFM) to be 150 – 350 nm, whereas slower 

Figure 2 (a) 80 nm thick film absorption (solid) and emission (dashed) spectra. (b) 
Time-resolved emission traces. The Tc II, large film was 20 nm thick. We 
observed no thickness dependence to SF dynamics (see Fig. S8). 
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Figure 3 (a) Comparison of Tc I, small and Tc II, small film TA spectra at 1 ps delay 
and ~55x1017 cm-3 excitation density. The pump scatter near 400 nm feature was 
removed for clarity. (b) Tc II, small crystallite film TA spectra at 1 ps and 5 ns. (c) 
Comparison of deconvolved singlet dynamics. (d) Tc II, small crystallite film 
deconvolved singlet-triplet dynamics with kinetic fit (expt. = dots, fit = bold lines) 
for low and high excitation densities. 

deposition rates, 0.5-1.0 Å/s, produced much larger 750 nm – 

2 µm sized crystallites. We chose four film types to investigate 

the complementary effects of crystal structure and film 

crystallinity (see Fig. 1b) on optical properties and SF 

dynamics. 

Absorption and Fluorescence 

The absorption and fluorescence spectra of the four films are 

shown in Fig. 2a. All four films exhibit the characteristic 

Davydov splitting and vibrational progression of polycrystalline 

tetracene in the absorption spectrum; with the two 

polymorphs having different peak ratios between the Davydov 

peaks (the higher energy split Davydov peak is much larger in 

Tc I). However, a simple correlation between absorption and 

film type, employed in other SF systems,
37

 is complicated by 

film birefringence, which leads to thickness dependent 

vibronic peak ratios.
48

 The fluorescence spectra are 

qualitatively similar, with both films exhibiting a vibronic 

progression of peaks and red-shifted feature previously 

assigned to defects or excimers.
40

 However, the amplitude of 

this feature is greater in Tc II films compared to Tc I films. Time 

correlated single photon counting (TCSPC) with 395 nm 

excitation revealed multiexponential singlet decay kinetics 

(Fig. 2b) that differed primarily in the initial fast decay 

component, commonly assigned to SF dynamics. Fitting using a 

series of three exponentials convolved with the instrument 

response gave fastest time constants of 85 ps (Tc I large), 65 ps 

(Tc I small), 40 ps (Tc II large), and 50 ps (Tc II small). 

 

Figure 4 Kinetic model used for fitting extracted singlet-triplet dynamics. 
Included are the ground state (G), singlet state (S), coupled triplet state (

1
(TT)), 

and uncoupled triplet state (T); and rate parameters for SF (ksf), triplet fusion 
(kfus), triplet dissociation (kdiss), spontaneous relaxation (ksp), and exciton 
annihilation (kss/kTT). 

Ultrafast Transient Absorption 

We used ultrafast transient absorption spectroscopy with 400 

nm excitation and ~250 femtosecond time resolution to 

investigate directly both the singlet and triplet dynamics with a 

higher time resolution and a larger range of excitation 

densities than is available with TCSPC. Fig. 3a shows the TA 

spectra at ~1 ps delay for the Tc I large crystallite film and Tc II 

large crystallite film at moderate excitation densities of 

~55 x 10
17

 cm
-3

. While there is very little spectral difference 

between films, a combination of spectral fitting and singular 

value decomposition (SVD)
49, 50

 elucidated differences in SF 

dynamics. At low pump fluences, two main SVD principal 

components were found; one “singlet-like” and one “triplet-

like” (see ESI). Spectral fitting was also performed by treating 

each TA spectrum as a linear combination of singlet and triplet 

spectra. The singlet spectrum was chosen as the 1 ps 

spectrum, as an insignificant concentration of triplets would be 

formed at this time delay. As the SF time constant is around 

100 ps in tetracene,
40

 we used the ~5 ns spectrum as the 

triplet spectrum (Fig. 3b). At each time delay, we used a linear  

Figure 5 Time constants associated with the singlet exciton decay from global fit 
of SVD data for all four film types from low to high fluence. Lines are guide to the 
eye. 
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Table 1 Calculated Diabatic Couplings (meV) for Singlet Fission 

 Tc I 

[-½ ½] 

Tc II 

[-½ ½] 

Tc I 

[½ ½] 

Tc II 

[½ ½] 

Tc I 

[1 0] 

Tc II 

[1 0] 

𝑉(𝑆1𝑆0→ 𝑇𝑇
1 ) 4.5 3.4 0.6 8.5 0.05 1.4 

𝑉(𝑆0𝑆1→ 𝑇𝑇
1 ) 7.2 6.2 16 1.8 0.05 1.4 

Largest SF couplings are highlighted in bold. 

combination of these two spectra to fit the TA spectrum. This 

built up the singlet and triplet kinetics seen in Fig. 3c and d. 

We fitted the curves with a kinetic model including ground, 

singlet, correlated triplet pair 
1
(TT), and triplet states, with SF, 

exciton annihilation, and spontaneous relaxation channels for 

each state (Fig. 4, see Table S3 for all fit parameters). This 

model is similar to one previously used to describe 

polycrystalline tetracene thin film kinetics.
44

 Tc I films with 

large crystallites have a SF time, 1/ksf in Fig. 4, of ~120 ps, 

which significantly decreases to ~35 ps as the crystallite grain 

size is decreased. Tc II films, however, have significantly faster 

SF times that do not show a strong dependence on crystallite 

grain size, with a SF time ~20-35 ps for both large and small 

crystallites. Although the fitting procedure produced accurate 

time constants and spectra, the amplitudes of spectral 

features could not be assigned a meaningful quantitative value 

(i.e., extinction coefficient) due to strongly overlapping 

features and unknown optical parameters.   As a result, the 

vertical axis in Fig 3d reflects a normalized population fraction 

and not a true quantum yield. 

Fig. 5 shows exponential decay time constants extracted 

using a global fit as a function of fluence for the singlet- and 

triplet-like SVD components (see Fig. S7). Increasing pump 

fluence leads to faster decay times, indicative of exciton-

exciton annihilation.
41

 At low fluences, the trend in decay 

times from SVD is consistent with the trend in SF rates 

extracted from the kinetic modelling: Tc I films with large 

crystallites have the slowest SF rate, which speeds up 

considerably with small crystallites. The Tc II films have the 

same SF rate within experimental reproducibility regardless of 

crystallite grain size. 

Dimer Electronic Coupling 

Fig. 1d shows the relevant dimer pairs in the ab-plane 

associated with any given Tc chromophore for Tc I or II. We 

assumed the so-called mediated mechanism of SF and utilized 

one-electron orbital coupling matrix elements, tAB, of these 

dimer pairs (A refers to one of the chromophores and B to the 

other) to calculate the diabatic couplings, V, between a singlet 

exciton state (S1S0 or S0S1) and the SF product state written as 

a singlet-coupled pair of triplets, 
1
TT (eqns. (1) and (2), see ESI 

for details).
7
 

 

𝑉(𝑆1𝑆0→ 𝑇𝑇1 ) ≈
√3 2⁄ |𝑡𝐿𝐻𝑡𝐿𝐿−𝑡𝐻𝐿𝑡𝐻𝐻|

∆𝐸𝐶𝑇
  (1) 

𝑉(𝑆0𝑆1→ 𝑇𝑇1 ) ≈
√3 2⁄ |𝑡𝐻𝐿𝑡𝐿𝐿−𝑡𝐿𝐻𝑡𝐻𝐻|

∆𝐸𝐶𝑇
  (2) 

In eqns. (1) and (2) H = HOMO, L = LUMO, and ΔECT is the 

energy difference between S1 and the virtual intermediate CT 

state. We estimate the variation in CT energies between Tc I 

(less stable CT state) and II (more stable CT state) to be at most 

~7% based on the assumption of localized charges and 

centroid-to-centroid distance changes in the dimers in one 

particular direction ([½ ½]). This effect is small in comparison 

with variations in orbital couplings. To highlight the impact of 

these on diabatic coupling for SF, we use a common value of 

ΔECT = 600 meV for both Tc I and II, estimated from 

electroabsorption.
51

 The calculated diabatic couplings for SF 

are summarized in Table 1 (full calculation results in ESI). The 

largest in both Tc I and Tc II are for the [½ ½] dimer. As 

depicted in Fig. 1c, Tc I has a substantial slip along the major 

axis of the molecules whereas this slip is absent in Tc II. This 

geometric slip leads to a more significant asymmetry in the 

importance of the electron-transfer and hole-transfer 

mediated pathways that contribute – through destructive 

interference (see ESI) – to the diabatic coupling. Because the 

cancelation of terms is incomplete, the overall coupling 

remains significant. In contrast, the reduced slip in the Tc II [½ 

½] dimer leads to more closely matched contributions from 

electron- and hole-transfer pathways, and following 

destructive interference, to a smaller overall value for the SF 

coupling. This result highlights the need to account for 

molecular orientation in addition to the molecular distances. 

Discussion 

We conclude from the results presented in Figs. 2b, 3, and 5 

that Tc II films undergo SF faster than Tc I; and that Tc I films 

have a significant dependence on morphology while the 

dependence is reduced in Tc II films. Inspection of the 

molecular separation in the crystal ab-plane (Fig. 1d) reveals 

that the intermolecular distances for partners involved in all 

relevant and unique pairwise interactions in Tc II are slightly 

smaller than for Tc I. This difference in structure and nearest 

neighbour interactions could lead to faster SF via stronger 

coupling or mixing amongst singlet, charge transfer, and triplet 

states.
8
 In particular, mixing between singlets and charge 

transfer states, determined by the strength of the electronic 

coupling, can play a significant role mediating SF in pentacene 

crystals.
52

 However, the SF-relevant coupling depends both on 

geometry and distance. The noticeable slip between molecules 

along the major axis is also expected to influence the SF rate 

(Fig. 1c). Unexpectedly, calculations of key matrix elements
7
 

for dimer pairs from the unit cell show a decrease in SF-

relevant coupling in Tc II compared with Tc I in the [½ ½] 

direction from 16 meV to 8.5 meV (as well as overall), in 

apparent disagreement with experimental data. However, with 

strong electronic delocalization in tetracene, it may be 

necessary to move beyond the dimer picture of coupling, and 

consider that due to its overall higher density, the Tc II 

structure may support stronger exciton delocalization, which 
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may lower CT energies,
53

 enhance population in multiexciton 

states, and increase the SF rate.
14

 

The change in intermolecular coupling could also alter the 

transport properties, affecting the SF rate in an indirect 

manner.
54

 For example, if transport is fastest in Tc II films, the 

photogenerated singlets may diffuse to SF-enhanced 

geometries at crystallite surfaces more efficiently than in Tc I 

films, effectively negating the size dependence that occurs in 

Tc I crystallites. If this hypothesis is correct, growth of large Tc 

II single crystals, currently being explored, should lead to 

slowed SF as excitations should not reach surfaces within the 

SF time. An alternative explanation is that grain boundaries in 

Tc I films sustain intermolecular geometries similar to those 

found in Tc II. In this case, increased access to the boundaries 

in smaller crystallites would increase the SF rate in Tc I films, 

but not Tc II.  In principle, our TA data set could inform about 

exciton transport through analysis of exciton annihilation 

rates, which have previously been used to calculate diffusion 

constants and lengths.
55

 However, conventional models 

assume fully localized excitations undergoing incoherent 

transfer and may not be fully applicable to tetracene. Spatially 

resolved transient absorption microscopy
54, 56

 is a more direct 

measure of transport and could shed light on the nature of the 

exciton migration in Tc I vs. Tc II films and at crystallite 

interfaces. Such experiments will help to determine if 

transport is an important factor leading to the difference 

between Tc I and Tc II behaviour or if instead the intrinsic 

crystal structure results in variations in intermolecular 

electronic coupling that compel the altered dynamics. 

Conclusions 

In summary, we fabricated polycrystalline tetracene thin films 

of two polymorphs with varying crystallite sizes. Using ultrafast 

transient absorption spectroscopy, we discovered that for 

large crystallite sizes, singlet fission is significantly faster in 

polymorph Tc II than in Tc I, and that, unlike in Tc I films, in Tc 

II films the crystallite size has little or no effect on the SF rate. 

These results highlight the defining role that polymorphism 

can play in the SF rate in tetracene and that precise control 

over the structure of films of even the most well-studied 

compounds can lead to new understanding. These general 

principles are likely to be true for many organic 

semiconductors in which exciton delocalization, migration, and 

fission simultaneously influence excited state dynamics. 

Methods 

Film Deposition 

Tetracene (Benz[b]anthracene, 98%, CAS # 92-24-0) was 

purchased from Aldrich and used without further purification. 

Glass coverslips were washed with hexane and acetone, 

plasma cleaned, and kept in a glovebox before depositions. 

Depositions were performed with a resistively heated alumina 

crucible under high vacuum (10
-6

 – 10
-7

 Torr). The deposition 

rate and substrate temperature were varied during 

depositions from 0.5 – 5.0 Å/s and 85 – 340 K, depending on 

the desired film type and crystallite size. 

Time-resolved emission 

Fluorescence decays were recorded exciting using the second 

harmonic of a Ti:sapphire oscillator (395 nm) and detecting 

535 nm emission. The resulting data were fit to a 

multiexponential decay function convoluted with the 

instrument response function (see ESI for details and all fitted 

parameters). 

Transient Absorption 

Ultrafast TA measurements were performed using a Coherent 

Libra amplifier, a TOPAS-C optical parametric amplifier, and an 

Ultrafast Systems LLC Helios Spectrometer. Using the 

absorption coefficients and measuring the energy of the pump 

focused through a series of pinholes, we calculated excitation 

densities from 10
17

 – 10
19

 /cm
-3

. At higher fluences, SVD 

revealed an additional principal component with a small 

singular value that we ascribe to an acoustic mode caused by 

sample heating (see ESI); we subtracted off this mode before 

the spectral fitting procedure and kinetic modelling, as those 

methods do not include an acoustic mode. 
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