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Abstract 

Elucidating the role of atomic degrees of freedom in organic blends and hybrid perovskites is crucial to 

understanding the non-adiabatic dynamics within their energy landscape and to their implementation in 

photovoltaics technologies. Here, we report the direct visualization of the long-range lattice dynamics in 

rr-P3HT:PC71BM and CH3NH3PbI3 upon femtosecond optical excitation by combining ultrafast electron 

diffraction and time-dependent ab initio calculations. We find that both materials exhibit a common time-

lagged lattice response induced by an impulsive high-intensity photoexcitation. This process, which is 

observed to occur on a time scale governed by carrier diffusion, is ascribed to the suppression of the 

incoherent coupling between the photoexcited species (excitons in the organic blends and free charges in 

the perovskite) and acoustic modes through a phonon-bottleneck effect. Only once excitons or free 

charges have significantly accumulated at the surface or interface, multiple decay channels open up and 

the phonon emission proceeds in a regenerative manner with a mechanism similar to a phonon 

‘avalanche’. The presence of this suppression mechanism creates a dynamic protection of the carriers 

from incoherent energy dissipation and could contribute to the high photovoltaic efficiencies observed in 

these materials. 
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Organic blends and hybrid perovskites exhibit high photovoltaic conversion efficiencies and thus offer 

promising solutions to the increasing global energy demand [1-3]. While an intense focus has been 

devoted to tuning the electronic levels of these materials, achieving significant improvements in their 

performance, a recent meta-analysis [4] has shown that structural and morphological control are 

promising routes for further enhancing conversion efficiency beyond the Shockley-Queisser limit [4,5]. In 

this regard, important open questions remain: What is the role played by the lattice degrees of freedom 

during photoexcitation, charge transport and separation, and what is their interaction with the electronic 

distribution? Clarifying these aspects become crucial especially when the nanoscale morphology of these 

materials approaches a low-dimensional confinement regime, where electronic structure changes and 

surface/interface effects dominate the non-equilibrium behavior. Unraveling lattice-driven phenomena 

would have both a fundamental and a technological significance. On the one hand, it provides crucial 

insights into the non-adiabatic dynamics within their complex energy landscape, where multiple energetic 

and temporal scales coexist. On the other hand, it would have a potential technological impact on their 

structural engineering, defining a precise design strategy for further improving their performance. So far, 

the role of ionic motions in organic blends and hybrid perovskites has been rather elusive, and only 

recently has attracted an increasing attention [6-13]. Despite these recent efforts, the ability of 

investigating the nonequilibrium structural dynamics of these materials is hindered by the difficulty of 

achieving simultaneous atomic and femtoseconds (fs) resolutions. The traditional characterization 

techniques and the steady-state theoretical models both fail in describing their nonequilibrium structural 

evolution. Instead, a four-dimensional approach for transient visualization of matter with high temporal 

and spatial resolutions is indispensable to fully exploit their potential. 

In the last years, ultrafast optical spectroscopy has been widely applied to unravel the details of 

the charge carrier dynamics (see Ref. [6, 14-21] for organic blends and Ref. [22-26] for hybrid perovskites). 

In organic blends consisting of an electron donor (D) and an electron acceptor (A), photon absorption 
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creates a bound electron-hole pair (exciton) either in the D phase or the A phase. The photoinduced 

exciton then propagates toward the D/A interface, where the electron is transferred to A leaving the hole 

on D. Because hole and electron are still subject to their mutual attraction across the interface, a localized 

charge-transfer (CT) exciton is formed. The dissociation of the CT excitons into free charges and their 

extraction to an external circuit results in the generation of the electric current. In hybrid halide 

perovskites, the photophysics is not yet fully understood. Because the exciton binding energy lies in the 

range 19-50 meV, being comparable to the thermal energy at room temperature, resonant 

photoexcitation is expected to eventually lead to free charges. In single-crystals, the reduced defect 

density and large carrier mobility promote extremely long diffusion lengths for electrons and holes, which 

can then reach the electrodes with high efficiency. Band filling and charge accumulation at the band edges 

[27,28], together with intrinsic dipole moments induced by the organic cations [29], are presumed to 

facilitate spatial separation of charges. 

Here, to gain insights into the interaction between the electronic and lattice degrees of freedom 

during the carrier diffusion and separation, we map the atomic-scale dynamics of prototypical organic and 

hybrid organic-inorganic photovoltaic materials by combining ultrafast electron diffraction (UED) and 

state-of-the-art ab initio calculations. UED is a unique method that monitors the time-dependent electron 

diffraction following fs optical excitation [30-34]. Besides the atomic sensitivity and the high temporal 

resolution, the high scattering cross-section of electrons with matter is a crucial advantage over other 

structural probes in the challenging case of small material volumes and low atomic-number elements. 

We directly visualize the ultrafast long-range lattice response of organic blends and hybrid 

perovskites in the presence of a significant localization of the photoexcited species (excitons in the organic 

blends and charge carriers in the perovskite) at a surface or an interface. We observe a universal behavior 

governing the temporal evolution of both systems: the structural dynamics mediated by the collective 

excitation of intermolecular atomic vibrations (acoustic phonons) is initiated only after a well-defined lag 
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time from the initial photoexcitation, and can be controlled by varying the carrier diffusion parameters. 

Our results suggest that incoherent energy dissipation of the excited excitons or charge carriers via their 

coupling to the acoustic modes is suppressed by a phonon-bottleneck effect. Only when carriers are 

confined at the surface or interface, a large number of decay channels open up and the decay rate 

accelerates the emission of more phonons in a regenerative manner, inducing a process similar to a 

phonon ‘avalanche’. 

 

RESULTS AND DISCUSSION 

‘Lagged’ lattice dynamics 

In our study, we focus on two systems (see Methods and §S1 of Supplementary Information (SI) for sample 

details). The first is an organic blend thin film (thickness of ~ 15-20 nm) made of regioregular poly-3-

hexylthiophene (rr-P3HT) and phenyl-C71 butyric acid methyl ester (PC71BM). The film is composed of 

long-range ordered rr-P3HT lamellae surrounded by disordered P3HT chains and short-range ordered 

PC71BM domains [35]. Crystalline P3HT and PCBM are both arranged according to a monoclinic lattice (see 

Fig. 1a). A typical electron diffraction pattern consists of a broad inner ring associated to the PC71BM, and 

a sharp outer ring coming from the (020) reflection of the π-π stacking in rr-P3HT. The second system is a 

single-crystal of methylammonium lead iodide perovskite compound (CH3NH3PbI3). At room temperature, 

it exhibits a tetragonal structure [22] as schematically depicted in Fig. 1b, which also shows the diffraction 

pattern acquired from a (001) surface along the [110] zone-axis.  

 The experimental geometries used for the two systems are shown in Figs. 2a and 2d, and 

described in §S2.1 of SI. For rr-P3HT:PC71BM thin films we adopt a transmission diffraction scheme, 

whereas the CH3NH3PbI3 single-crystal requires a grazing incidence geometry. The evolution of the 

diffraction pattern is quantitatively evaluated by measuring the temporal change of the diffraction 

intensity, I, and scattering vector, s, of the observed Bragg reflections. Since these quantities depend on 
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the atomic displacement within the unit cell, their transient evolution provides the direct lattice response 

of the system to an external perturbation. In kinematic theory, the diffraction intensity is proportional to 

the square modulus of the structure factor, 𝐹. Because 𝐹 depends on the atomic displacement, 𝒖, any 

lattice motion, like those of optical (intra-molecular) and acoustic (inter-molecular) phonons (vibrations), 

can cause the diffraction intensity to change. Within the Debye-Waller formalism [36], this change can be 

expressed as: 𝐼(𝑡) 𝐼0⁄ = exp[−0.5⟨𝒔 ∙ 𝒖(𝑡)⟩2
], where 𝐼0 is the diffraction intensity before the laser 

excitation.  

Figure 2b shows the measured intensity transients for the P3HT(020) and PC71BM reflections in 

blend films with two different weighting ratios, (4:1) and (1:1). For the excitation we used 100-fs light 

pulses with a central wavelength of 400 nm and incident fluence of 120 μJ/cm2. Figure 2e displays the 

temporal evolution of the diffraction intensity for the (0 0 12) reflection in CH3NH3PbI3 upon 

photoexcitation at 800 nm for two different incident fluences (116 and 232 μJ/cm2). Despite the light 

peak-intensity used for excitation is on the order of GW/cm2, the average-intensity is only a few hundreds 

of mW/cm2 (and thus only a few SUNs). This value is similar to the typical values adopted in time-resolved 

pump-probe experiments of organic blends and halide perovskites [7,13,16,37-39], and is calibrated such 

that sample degradation is prevented during the acquisition time. Importantly, for every set of 

experiments, the zero-delay time (i.e. the instant at which the electron and the laser pulses 

simultaneously arrive on the sample) has been carefully calibrated using multiphoton ionization from a 

metallic or semiconducting surface (see Fig. S3 and detailed procedure in §S3 of SI). Direct inspection of 

the temporal traces in both materials leads us to the observation of a ‘delayed’ (or lagged) dynamics. This 

behavior is rather anomalous, in that the long-range lattice response does not start from the zero-delay 

time but rather originates after a well-defined lag time, Δt. A similar delayed behavior is also observed for 

the transient change of the scattering-vector of the P3HT(020) reflection (shown in Fig. 5a-b) and for the 

transient intensity measured for different blend ratios (see Fig. S5 in SI). Despite the difference in their 
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electronic and structural properties, the observation that both materials exhibit such response suggests 

that a similar mechanism may be at play. 

To unveil the nature of the observed dynamics, we externally modulate the kinetic conditions of 

exciton diffusion in the organic blends and charge carriers diffusion in the perovskite, while 

simultaneously probing their structural evolution. This is achieved by changing the polymer domain size 

in the organic blends, and by adjusting the incident pump fluence for the perovskite crystal. In the case of 

rr-P3HT:PC71BM films, the investigation of blends with different weighting ratios - (1:2), (1:1), (2:1) and 

(4:1) - allow us to finely control the size of the rr-P3HT domains (the morphological characterization of 

the samples is reported in Fig. S1). As shown in Fig. 2c, a longer delay Δt (changing from 3.6 to 30 ps) is 

measured when increasing the P3HT content from 33 wt% (1:2) to 80 wt% (4:1), which corresponds to an 

increase of the rr-P3HT domains from 14.7 to 18.3 nm. This correlation demonstrates a direct link between 

morphology and temporal evolution, and quantitatively connects the measured dynamics to the diffusive 

motion of the excitons. In fact, the diffusion of photoexcited excitons in P3HT for a (1:1) blend has been 

shown to proceed on a timescale of ~ 10 ps [40], which is remarkably close to the lag time measured here 

(Δt(1:1) = 9 ± 0.8 ps). When Δt is plotted as a function of the squared exciton diffusion length, 𝐿𝑑𝑖𝑓𝑓
2  , as 

derived from the domain size (see §S7 in SI for details), a linear correlation between them is observed. 

The best fit to the experimental data directly yields the diffusion coefficient 𝐷 = 𝐿𝑑𝑖𝑓𝑓
2 4∆𝑡⁄ ≈

0.77 ∙ 10−3 𝑐𝑚2 𝑠⁄ , which agrees with typical values reported in literature [40,41].  

The modulation of the carrier diffusivity in the CH3NH3PbI3 single-crystal is instead obtained by 

systematically varying the incident fluence, f, of the 800 nm pump in the range 116 - 310 μJ/cm2. This 

corresponds to a variation of the excited carrier density, nexc (see Eq. (2) in SI), from 1.1·1018 cm-3 to 

2.9·1018 cm-3. At low excitation densities, carrier-carrier interactions are typically negligible. However, for 

values larger than 1017-1018 cm-3, carrier-carrier scattering becomes relevant and the carrier mobility, 𝜇, 

and thus the diffusion coefficient 𝐷 ∝ 𝜇, are significantly reduced [42,43]. Because the diffusion length 
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remains unaffected by the laser excitation, the observed increase of ∆𝑡, changing from 20 to 38 ps as a 

function of the incident fluence (see Fig. 2f), is directly related to the reduced diffusivity of the excited 

carriers for an increased carrier density. 

These findings indicate that the measured lag time can thus be directly associated with the time 

scale for the diffusion of excitons in P3HT and of charge carriers in CH3NH3PbI3. Moreover, the absence of 

any structural response during this period suggests that no net energy exchange is occurring between 

carriers and lattice. In semiconductors, the general mechanism for hot carrier-phonon dynamics is 

determined by carrier thermalization through the emission of optical phonons, the latter subsequently 

decaying anharmonically toward acoustic modes. Our direct observation can be explained in terms of a 

carrier transport in which it is active a strong phonon bottleneck [44], where the energy remains 

dynamically localized within the carrier population. This is in agreement with the mechanism proposed 

for CH3NH3PbI3 in Ref. [38,39] and rationalizes recent time-resolved Raman studies of P3HT:PCBM [45].  

In the organic blends, at an excitation fluence of 120 μJ/cm2 the photoexcited exciton density 

reaches values of the order of 1019 cm-3 (see Eq. (2) in SI for details). In this condition the system is 

overwhelmed by non-linear processes such as exciton-exciton annihilation, which results in the activation 

of higher lying singlet states creating a highly non-equilibrium regime. Relaxation from these states either 

creates CT excitons if in the vicinity of the D/A interface or proceeds through internal conversion to lower 

lying singlet states accompanied by radiative (luminescence) or non-radiative (excitation of optical 

phonons) processes. In P3HT, excitons  are strongly coupled to specific optical modes, mainly associated 

with C-C stretching and torsional motions [37]. Because of the high exciton density, the phonon emission 

increases dramatically resulting in a highly non-equilibrium hot phonon population. In this regime, the 

relaxation of the optical modes into acoustic modes via lattice anharmonicity becomes extremely weak, 

favouring the re-absorption of the hot optical phonons by the singlet excitons, and thus preventing a 

sizable long-range lattice perturbation. Despite remarkable differences in the charge transport 
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mechanism, the described scenario also applies to the CH3NH3PbI3 single-crystal. Here, hot carriers mainly 

couple to longitudinal optical modes of the inorganic cage at 11-15 meV via the Fröhlich interaction [10]. 

In the presence of a large population of hot phonons, due to the high photoexcited carrier density nexc, 

the rate of phonon re-absorption increases, strongly reducing the anharmonic coupling to lower-energy 

lattice modes. 

 

Ultrafast electron-ion coupling 

During the diffusion process, excitons in P3HT reach the interface with PCBM forming a CT exciton, 

whereas in CH3NH3PbI3 electrons are expected to accumulate at the surface due to the band bending 

associated with an intrinsic p-doping. Once these processes are complete, the sharp rise of the measured 

diffraction signal is observed (see Figs. 2b and 2e). To establish whether the structural change is induced 

by the electronic relaxation or by thermal heating, we performed ab initio calculations of the coupled 

electron and lattice dynamics [6]. Due to the large span of space and time scales, ab initio atomistic 

methods cannot access the lattice dynamics during carrier diffusion but only in a regime of charge 

localization. 

The relaxed ground state has been obtained by density functional theory (DFT), and the dynamical 

evolution via Time-Dependent DFT (TDDFT, see Methods and §S5 in SI). An initial instantaneous electronic 

excitation was assumed, corresponding to the removal of an electron from the highest occupied Kohn-

Sham state and its creation in the lowest unoccupied state. In Figs. 3a and 3c, the spatial localization of 

the band-edge for the ground and excited states is displayed for the two systems. In the case of the organic 

blend, the electronic excitation corresponds to an electron transfer from the P3HT molecule to the C70 

fullerene, stabilizing a bound state across the interface (CT exciton). For the perovskite crystal, a similar 

electron transfer from I to Pb, and partially also to C and N, is observed, although a higher degree of charge 

delocalization is present. 
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From the calculations, we found a significant displacement of the atoms as a result of the strong 

coupling between electronic and vibrational degrees of freedom. This can be directly deduced from the 

transient atomic mean-square-displacement (MSD), 〈𝑢2〉, which are plotted in Figs. 3b and 3d for the two 

investigated systems. In P3HT:PC71BM, the MSD of the C70 molecule is much smaller than the one 

associated with P3HT chains, in good agreement with the experimental results in which we observed no 

distinguishable change of the PC71BM signal (Fig. 2b) (see also Supplementary Movie 1). In a generalized 

Debye theory, the MSD is inversely proportional to the square of the excited phonon frequency: 〈𝑢2〉 ∝

1 𝜔𝑝ℎ
2⁄ . This is consistent with the interpretation that the highly rigid fullerene cage can mainly sustain 

high-frequency optical modes [6], whereas the planar thiophene rings can also sustain large-amplitude 

low-frequency inter-molecular vibrations. In CH3NH3PbI3, we separate the contributions to the MSD given 

by the organic, CH3NH3, and the inorganic, PbI3, components (Fig. 3d). As expected, the methylammonium 

is the most mobile part within the perovskite crystal, as attested by MSD values one order of magnitude 

larger than those associated with the lead-iodide (see also Supplementary Movie 2). As the change of 

diffraction intensity can be directly associated to the MSD along the direction of the scattering vector, a 

quantitative comparison between experiments and calculations can be retrieved. As detailed in the 

§S5.2.3 of SI, we found a satisfactory quantitative agreement: 〈𝑢2〉𝑡ℎ𝑒𝑜
𝑃3𝐻𝑇 ≈ 50.25 𝑝𝑚2 and 〈𝑢2〉𝑒𝑥𝑝

𝑃3𝐻𝑇 ≈

37 − 75 𝑝𝑚2 for the organic blend, and 〈𝑢2〉𝑡ℎ𝑒𝑜
𝑀𝐴 ≈ 18.85 𝑝𝑚2, 〈𝑢2〉𝑡ℎ𝑒𝑜

𝑃𝑏𝐼3 ≈ 1.95 𝑝𝑚2 and 〈𝑢2〉𝑒𝑥𝑝
𝑀𝐴𝑃𝑏𝐼3 ≈

17.2 𝑝𝑚2 for the perovskite. 

To further elucidate the critical role of the electronic excitation with respect to the lattice heating 

scenario, we used a simple equilibrium model as detailed in the SI to estimate the heating of the system 

induced by the laser excitation. Assuming that all absorbed fluence would heat up the system, the 

temperature increase, ΔT, would be 2.02 K for rr-P3HT:PC71BM and 0.03 K for CH3NH3PbI3 at the largest 

fluence (see §S6 in SI for details). Within the Debye-Waller formalism and using the appropriate Debye 

temperatures for P3HT and CH3NH3PbI3 (from Table S1 in SI), this temperature jump would produce a 
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diffraction intensity change smaller than 0.1 %, which is almost one order of magnitude smaller than the 

measured values. To fully verify this aspect, we have also performed molecular dynamics simulations 

following thermal equilibrium trajectories while keeping the system at the electronic ground state (dashed 

lines in Fig. 3b and 3d). For both polymeric blend and perovskite crystal, we obtain that the ‘thermal’ 

MSDs are 6 to 8 times smaller than the values calculated when considering the electronic excitation (see 

also Supplementary Movie 3), in agreement with the simple thermal equilibrium model described above. 

This results rule out a laser-induced heating of the lattice as the origin of our diffraction signal change, 

and confirm that the measured behaviour is related to nonequilibrium vibrational processes originating 

from the relaxation of the excited electronic distribution. 

 

Generation mechanism of lagged lattice response 

We now focus on the microscopic mechanism at the origin of the delayed long-range structural response 

observed in the UED experiments. Having ruled out a thermoelastic origin (see previous section), in 

semiconductors the main electronic processes that are commonly involved in the acoustic response of 

the lattice are [46]: the deformation potential mechanism (electronic pressure) and inverse 

piezoelectricity. The deformation potential coupling is instantaneous with the photoexcitation of the 

carrier density, as it involves the spatial redistribution of the electronic degrees of freedom that forces 

the ions to displace from their equilibrium positions. Inverse piezoelectricity arises when the material 

inversion symmetry is broken, resulting in the presence of an internal macroscopic electric field. In a 

recent work [11], the stress components associated with each contribution have been measured for the 

case of CH3NH3PbI3 single-crystals using time-resolved optical reflectivity. Because of the long penetration 

depth of the probing light field, these results essentially describe a bulk behaviour. In contrast, in our 

experiments we are mainly sensitive to surface/interface effects. In fact, the penetration depth of the 

probing electrons in the grazing incidence geometry, as adopted for CH3NH3PbI3 single-crystals, is rather 
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small (only a few nanometer’s). Also, because of the small dimension of the P3HT domains, the 

P3HT/PCBM interface occupies a significant portion of the organic blend film. The observed structural 

dynamics is thus dominated by surface/interface phenomena, and particularly relevant becomes the 

accumulation of charge carriers at the surface of the CH3NH3PbI3 crystal and of excitons at the P3HT/PCBM 

interface following the diffusion process. As a result of this low-dimensional spatial confinement, the 

photo-induced non-equilibrium behaviour of the system and the mechanism at play can be very distinct 

from the bulk case. The observed emergence of a delayed diffraction signal leads to inevitably exclude the 

contribution to the long-range lattice dynamics of the deformation potential, which is initiated in 

synchronous with the photoexcitation. Furthermore, due to the relatively weak piezoelectric coefficient 

d33 for both CH3NH3PbI3 (2.7 pm/V [47]) and P3HT:PCBM (0.1-0.2 pm/V [48]), we can rule out also the 

contribution of inverse piezoelectricity. Thus, the conventional mechanisms used to describe the lattice 

response are not appropriate, and a different scenario must be invoked. 

One plausible scenario that rationalizes the delayed lattice response considers the possibility that 

following the diffusion process the cumulative carrier confinement at a surface/interface would increase 

their interaction and lead to the collective excitation of intermolecular vibrations (acoustic modes), finally 

inducing a significant long-range lattice perturbation.  In general, carrier-phonon scattering is described 

by an instantaneous logarithmic decay rate, which is proportional to the population of excited vibrational 

modes, p, in the system. In the absence of a phonon bottleneck, a rapid dissipation of the energy occurs 

and the phonon population is expected to vary exponentially in time. However, in the case of a phonon 

bottleneck, the energy remains stored into the electronic system, and only when the carriers can explore 

a larger region of their energy landscape, multiple decay channels can open up. Consequently, the value 

of p, and thus the instantaneous decay rate, would increase and accelerate the emission of more phonons 

in a regenerative manner [44]. The net effect is a process similar to a phonon avalanche, and the dynamics 
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is characterized by a delayed, sudden rise of the population of the excited modes, after which the system 

relaxes back toward the equilibrium on a much longer timescale. 

In the case of the investigated materials, we propose that the diffusion, spatial confinement and 

accumulation of the photoexcited species (excitons in the organic blend and free charges in the 

perovskite) drive the electronic system from a narrow to a wider energetic distribution, thus triggering 

the acoustic phonon avalanche in a bottlenecked environment. In P3HT:PCBM, the singlet excitons move 

toward the interface, where they are converted to CT excitons, which increasingly accumulate occupying 

a manifold of energy levels  (see Fig. 4a-b). In the CH3NH3PbI3 single-crystal, band bending induced by its 

intrinsic p-doping is responsible for an effective accumulation of electrons at the surface, where they can 

explore a larger energy range (see Fig. 4e-f). To examine this scenario, we implemented a basic model 

based on coupled rate equations for the carrier and phonon populations, where the carrier diffusion, the 

phonon bottleneck, the carrier localization and the regenerative phonon emission are explicitly included. 

The details of the model are reported in §S7 of the SI, whereas the solution for the normalized phonon 

population, p, is shown in Fig. 4c and 4f for the two cases. A good agreement with our experimental 

observations is obtained. The model inherently contemplates the presence of a delayed response, where 

the lag time can be modulated by varying the diffusion parameters. After the lag time, the phonon 

population shows a sharp increase to a maximum (avalanche), followed by a slower relaxation back to 

equilibrium. The mechanism of phonon avalanche in a bottleneck environment, thus, represents a 

promising candidate to explain the observed dynamics. 

 

Character of the phonon emission 

Finally, we discuss the character of the populated acoustic modes. For P3HT:PCBM, the time constant of 

the (020) transients (1-3 ps) well correlates with the picosecond time scale for hot CT exciton cooling [19], 

as mediated by the excitation of intra- and inter-molecular vibrations. In P3HT thin films, it has been 
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shown that low-frequency torsional rearrangements take place on a time scale of ~ 3 ps, leading to a 

planarization of the entire polymer backbone [37]. The planar configuration would thus favour a closer 

packing of the P3HT chains and thus a contraction of the inter-chain separation. This homogeneous 

deformation of the lattice can be accessed experimentally by monitoring the temporal change of the 

scattering vector, 𝑠(𝑡), of the Bragg peaks, which is related to the interatomic distance, 𝑑(𝑡), by the 

relation [34]: (𝑠(𝑡) − 𝑠0) 𝑠0⁄ = − (𝑑(𝑡) − 𝑑0) 𝑑0⁄ , where the subscript “0” indicates the corresponding 

quantities before the laser excitation. For the P3HT(020) reflection we observe a well-defined increase of 

the scattering vector on a time scale of about 1-3 ps (see Fig. 5a). This increase is indicative of a reduced 

lattice parameter along the π-π stacking direction of the P3HT chains, and thus consistent with the 

structural picture associated to the excitation of torsional modes. The contraction of the polymeric chains 

is also theoretically confirmed by additional DFT calculations shown in Fig. 5b, where we calculate the 

steady-state structural reorganization induced by the electronic excitation (see details in §S5.1 of SI). 

In CH3NH3PbI3, the 2-3 ps timescale observed for the (0 0 12) reflection is consistent with the 

picoseconds dynamics of the methylammonium motions [9,13,49]. Here, ionic interactions between the 

organic and inorganic components are able to couple vibrations of the Pb-I cage with degenerate (in 

energy and momentum) rotational motions of the CH3NH3
+ cation [50,51]. A mode analysis of our TDDFT 

calculations reveals that these rotations represent the main contribution to the transient MSD change of 

the organic component, which we have found in good quantitative agreement with the experimental 

lattice change. We thus envision a scenario in which the avalanche mechanism induces an energetic 

unbalance of the phonon distribution from hot Pb-I modes, in equilibrium with the hot carriers during the 

bottleneck, toward large-amplitude CH3NH3
+ rotational modes.  

To experimentally verify the role of the organic cations in the observed dynamics, we laser-

annealed the crystal by using a continuous illumination for several hours with the 800 nm light at a very 

high incident fluence (1.56 mJ/cm2), well above the damage threshold of the organic cations. This resulted 
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in a significant degradation within the laser penetration depth, which transformed the hybrid crystal into 

a purely inorganic PbIX crystal [52]. In Fig. 6, we show the transient intensity change measured for the (0 

0 12) reflection. We observe that the removal of the organic cations leads to the recovery of a non-delayed 

dynamics, as generally observed in inorganic semiconductors where the phonon bottleneck is absent and 

the photoexcited carriers possess a more efficient direct coupling to the acoustic lattice modes via the 

deformation potential mechanism. 

We also remark that phonon emission driven by non-radiative Auger relaxation of the 

photoexcited species  evolves on timescales on the order of hundreds of picoseconds [53], i.e. much 

longer than the measured few picoseconds dynamics. As such, it cannot explain the observed structural 

changes. 

 

CONCLUSIONS 

In conclusion, the atomic-scale visualization of the long-range lattice dynamics in organic blends and 

hybrid perovskite revealed that the diffusion of the photoexcited species (excitons in the organic blends 

and free charges in the perovskite crystal) coexists with a phonon-bottleneck mechanism, which is able to 

prevent their coupling to acoustic lattice modes. Dissipative energy transfer is suppressed on a time scale 

governed by carrier diffusion within the material, and only once the excitons or charge carriers are 

significantly confined at a surface or interface, multiple decay channels open up and a strong phonon 

emission is generated through a process similar to a phonon ‘avalanche’. The presence of this suppression 

mechanism can thus contribute to the high photovoltaic efficiencies observed in these materials, and it 

can potentially define a design strategy to achieve higher efficiency by controlling the diffusion process 

and the spatial confinement and accumulation of the photoexcited species. 
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Fig. 1. Static atomic structure of organic blends and hybrid halide perovskites. (a) Molecular structure of 
the interface region in a rr-P3HT:PC71BM organic blend (top), together with a typical transmission electron 
diffraction pattern (bottom). The radial average of the pattern is shown as black solid line and compared 
to the calculated diffraction for P3HT and PCBM monoclinic structures (red and blue dashed lines). (b) 
Tetragonal unit cell of a CH3NH3PbI3 single-crystal at room temperature (top). The diffraction pattern of 
the (001) surface along the [110] zone-axis is shown at the bottom, together with the profile of the 
investigated (0 0 12) reflection. 
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Fig. 2. Ultrafast diffraction dynamics. (a) UED configuration used for rr-P3HT:PC71BM thin films: 
transmission geometry. (b) Measured transients of the diffraction intensity for P3HT(020) (blue circles) 
and PC71BM (red circles) in blend films with two different ratios, (4:1) (top) and (1:1) (bottom). The pump 
wavelength is 400 nm and the incident fluence is 120 μJ/cm2. The zero-delay time has been calibrated 
using a gold thin film (see Fig. S3a-b). (c) The lag time, Δt, extracted from the P3HT(020) transients is 

plotted as a function of the P3HT wt% content. The top axis shows the squared diffusion length, 𝐿𝑑𝑖𝑓𝑓
2 =

(𝑑 2⁄ − 𝑅𝑆)2, as calculated from the measured rr-P3HT domain size, d, for every blend ratio (𝑅𝑆 is the 

singlet exciton radius). A linear fit of the data yields the exciton diffusion coefficient, 𝐷 = 𝐿𝑑𝑖𝑓𝑓
2 4∆𝑡⁄ . (d) 

UED configuration used for CH3NH3PbI3 single-crystals: reflection geometry. (e) Temporal evolution of the 
diffraction intensity for the (0 0 12) reflection upon photoexcitation at 800 nm for two different incident 
fluences, 116 μJ/cm2 (top) and 232 μJ/cm2 (bottom). The zero-delay time has been calibrated using a PbIx 
bulk substrate (see Fig. S3c). (f) The lag time, ∆𝑡, extracted from the (0 0 12) transients is plotted as a 
function of the excitation fluence (the dashed line is a guide for the eye). 
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Fig. 3. TDDFT simulation of coupled electronic and ionic dynamics. (a) and (c) The spatial localization of 
the band-edge for the ground state (left) and excited state (right) is displayed for the rr-P3HT:PC71BM 
interface region (panel a) and a CH3NH3PbI3 cubic unit cell (panel c). (b) and (d) Calculated transient 
behaviour of the atomic mean-square-displacement (MSD) for the two systems as a result of the 
interaction between electronic and vibrational degrees of freedom. For rr-P3HT:PC71BM (panel b), the 
separate effect on P3HT chains and PC71BM molecules is shown. In CH3NH3PbI3 (panel d), we distinguish 
the contribution to the MSD given by the organic, CH3NH3 (bottom), and the inorganic, PbI3 (top), 
components. In both panels, the dashed lines define the molecular dynamics simulations following 
thermal trajectories. 
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Fig. 4. Modelling the structural dynamics of organic blends and halide perovskites. (a) Schematic 
representation of photoexcitation of singlet (S) excitons in the donor phase of an organic blend, and their 
diffusion toward the donor/acceptor interface where charge transfer (CT) excitons are formed. (b) The CT 
excitons accumulated at the interface can occupy a manifold of energy levels, and thus multiple decay 
channels open up, progressively inducing the emission of phonons in a regenerative manner (avalanche). 
(c) Schematic representation of the electron-hole excitation and diffusion in a hybrid perovskite single-
crystal.  (d) As a result of the surface band bending due to the intrinsic p-doping, electrons accumulate at 
the surface where they can explore a larger energy range. The multiple decay paths now accessible to the 
carriers create the phonon avalanche. (e) Simulated transient behavior of the normalized phonon 
population for different diffusion conditions using a basic rate-equations model including carrier diffusion, 
carrier localization, and phonon avalanche in a bottleneck lattice (see text and §S7 of SI). For P3HT:PCBM 
the diffusion coefficient is kept fixed and the diffusion length changes with the P3HT domain size. For 
CH3NH3PbI3 the diffusion length is unchanged and the diffusion coefficient is modulated by the carrier-
carrier scattering at increasing photoexcited carrier densities. 
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Fig. 5. Nonequilibrium contraction of the P3HT chains: experiment and calculations. (a) and (b) 
Experimental temporal evolution of the scattering vector for the PC71BM (red circles) and P3HT(020) (blue 
circles) in (4:1) (panel a) and (1:1) (panel b) blend ratios. The optical pump wavelength is 400 nm and the 
incident fluence is 120 μJ/cm2. (c) and (d) Ab initio calculations of the steady state structural 
reorganization induced by the electronic excitation. Panel c shows the atomistic model used for the DFT 
calculations: gray, yellow and light blue spheres stand for C, S and H atoms, respectively. The inter-chain 
separation, b, is determined as the difference between the centers of mass associated with the two P3HT 
chains. Panel b reports the inter-chain separation calculated for the ground state and for an excited state 
with a constrained electronic occupation of the valence and conduction bands. 
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Fig. 6. Lattice dynamics of decomposed CH3NH3PbI3. Transient intensity change of the (0 0 12) reflection 

measured on a decomposed CH3NH3PbI3 crystal. The latter has been obtained by laser-annealing the 

CH3NH3PbI3 crystal using a continuous illumination for several hours with infrared light at a very high 

incident fluence, well above the damage threshold of the organic cations. The non-delayed dynamics is 

now recovered, as generally observed in inorganic semiconductors where the phonon bottleneck is absent 

and the deformation potential mechanism dominates the carrier-lattice interaction. 

 



2 
 

S1. Sample preparation 

S1.1 rr-P3HT:PC71BM thin films 

For the preparation of the organic blend thin films we used: i) regioregular poly-3-hexylthiophene (rr-

P3HT) with molecular weight of 65,000-75,000 g/mol, polydispersity of 1.7-1.9, and regioregularity above 

96 % obtained from Rieke Metals Inc., ii) phenyl-C71 butyric acid methyl ester (PC71BM) with 99 % purity 

from American Dye Source Inc., and iii) PEDOT:PSS of the type PVP AI 4083 obtained from Ossilla. P3HT 

and PC71BM were mixed in a chlorobenzene solution with different blend ratios ((1:2), (1:1), (2:1) and (4:1) 

by weight). The P3HT concentration was always 15 mg/ml while the PC71BM concentration was changed 

according to the blend ratio. Thin films were obtained by spin-coating the solution at 8000 rpm for 60 s 

onto a glass substrate (from MTI Corporation), which was pre-coated with a layer of PEDOT:PSS previously 

casted at 2000 rpm for 60 s. Before the deposition all substrates were cleaned by sonication in deionized 

(DI) water, acetone, isopropanol and final rinse in DI water. The thickness of the blend films (without 

PEDOT:PSS) was determined with a Daktak XT stylus profilometer to be ~ 15-20 nm, and the UV-vis 

absorption spectra measured for the different blend ratios exhibited all the typical features shown in 

literature [1]. For the UED investigation, the rr-P3HT:PC71BM films were detached from the glass substrate 

by immersion into DI water. The water dissolves the water-soluble PEDOT:PSS, leaving the rr-

P3HT:PC71BM films free to float on the water surface. The films were picked up with 200-mesh copper 

grids (from Ted Pella Inc.) as used in Transmission Electron Microscopy (TEM), and left drying at room 

temperature for 24 hours. In order to improve the degree of crystallinity, thermal annealing at 150-170 

°C in N2 atmosphere for 30 min was performed by placing the samples into a GSL-1700x tube furnace, 

after which they were left to naturally cool down to room temperature. 

The annealed films are composed of long-range ordered rr-P3HT nanocrystals surrounded by 

disordered P3HT chains and short-range ordered PC71BM domains. For every blend ratio, we performed 

an accurate morphological analysis by measuring multiple TEM bright-field images (see Fig. S1a), which 
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agree well with those commonly reported in literature [1]. Since P3HT has a lower density (1.1 g/cm3) 

than PC71BM (1.5 g/cm3), P3HT-rich areas appear bright whereas PC71BM-rich areas are dark. Increasing 

the relative P3HT wt% content leads to progressively longer rr-P3HT nanowires, which eventually merge 

together and create a dense network of fibrillary structures forming large area domains. For proper 

quantification, we conducted a statistical analysis of the rr-P3HT domain size using different image 

processing tools [2]. In Figs. S1b and S1c we report the average domain area and the minimum domain 

size, 𝑑, for each blend ratio, respectively, which are in substantial agreement with recent Monte Carlo 

calculations [3]. 

 

 
Fig. S1. Morphological characterization of the rr-P3HT:PC71BM thin films. (a) Representative TEM bright-

field images of the organic films for different P3HT wt% content (see text for details). (b)-(c) The average 

domain area (panel b) and the minimum domain size, 𝑑, (panel c) are obtained from a statistical analysis 

of the TEM images and shown as a function P3HT wt% content. 

 

The molecular structure of the rr-P3HT:PC71BM films is made of C70 fullerenes oriented in a monoclinic 

unit cell (a = 1.37 nm, b = 1.66 nm, c = 1.90 nm, β = 105.29° - space group P21/n [4]) and of P3HT polymeric 
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chains also arranged according to a monoclinic lattice (a = 1.72 nm, b = 0.77 nm, c = 0.78 nm and γ = 87° - 

space group P21/c [5,6]). The theoretical diffraction curves calculated using the program Diamond (after 

convolution with a gaussian function for mimicking instrumental resolution) are shown in Fig. 1a of the 

main text (red and blue dashed lines). For scattering vectors larger than ~ 1 Å-1, as experimentally probed, 

the main reflections are determined by the separation of C70 fullerenes within the PC71BM domains (d-

spacing of 0.46 nm) and by the (020) reflection of the rr-P3HT nanocrystals (d-spacing of 0.38 nm) along 

the inter-chain distance (π-π stacking direction of the thiophene rings). 

 

S1.2 CH3NH3PbI3 single crystal synthesis 

CH3NH3PbI3 powder preparation:  2.5 g of Pb(Ac)23H2O (99%, Alfa Aesar) was dissolved into 7.6 ml HI (57% 

w/w aq. sol., stabilized with 1.5% hypophosphorous acid, Alfa Aesar) at 110 °C under stirring; 6.6 mM 

Methylamine (CH3NH2) (40% w/w aq. soln., Alfa Aesar) was dissolved into 0.87 ml HI under stirring for 10 

minutes. The Methylamine mixture solution was then gradually dripped into the Pb mixture solution 

under stirring at 110 °C, and black CH3NH3PbI3 powder was obtained at the bottom of the solution. The 

solution was kept stirring at 80 °C for 1 hour, then the black powder was separated from the solution and 

washed with diethyl ether for at least three times. The CH3NH3PbI3 powder was then dried under vacuum 

for overnight. 

CH3NH3PbI3 single crystal synthesis:  3.1 g CH3NH3PbI3 powder was dissolved into 5 ml γ-Butyrolactone 

(GBL), and the solution was filtered by 0.45 µm filter. 5 mm size CH3NH3PbI3 single crystal was grown by 

gradually increasing the temperature of the solution from 100 °C to 130 °C for 3~5 hours. 

 



5 
 

 
Fig. S2. Schematic representation of the experimental setup for ultrafast electron diffraction at Caltech. 

Ultrashort electron pulses are created by the UV beam at λ = 266 nm, and are used to probe the dynamics 

of the sample excited by the optical pump at λ = 800 nm or 400 nm. (IR: infrared; UV: ultraviolet; BS: beam 

splitter; L1 and L2: condenser and objective electrostatic lenses, respectively; SHG: second harmonic 

generation; CCD: charged coupled device; UHV: ultra-high vacuum). 

 

S2. Experiment and methods 

S2.1 UED experiment 

The setup for UED experiments at Caltech has already been described in details elsewhere [7,8] and is 

schematically shown in Fig. S2. Briefly, a laser-pump/electron-probe scheme is adopted, working in 

stroboscopic mode with a variable delay time between pump and probe. Ultrafast electron pulses are 

generated in a photoelectron gun (Kimball Physics Inc.) after irradiation of a LaB6 photocathode with 

femtosecond UV pulses (λ = 266 nm) generated by frequency-tripling the output of a Ti:sapphire 

regenerative amplifier (λ = 800 nm, 100 fs, 2 kHz). 

For the investigation of rr-P3HT:PC71BM thin films the electron beam has a kinetic energy of 20 

keV and is focused in normal incidence on the film surface (transmission scheme – see Fig. 2a), whereas 

in the case of CH3NH3PbI3 single crystals we adopt a grazing (0.5-2.5°) incidence geometry (reflection 
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scheme – see Fig. 2d) with electron energy of 30 keV. In both cases the electron beam has a transverse 

spot size of ~ 100 μm at the sample position. For rr-P3HT:PC71BM films, the dynamics are initiated by 

femtosecond laser pulses at λ = 400 nm from second-harmonic generation with an incident fluence of 120 

μJ/cm2, and impinging on the sample with a 45° incidence angle. For CH3NH3PbI3 crystals, pump pulses at 

λ = 800 nm with incident fluence varying between 116 and 310 μJ/cm2 arrive on the sample surface in 

normal incidence. The fluence of the excitation laser beam at the sample position was calibrated by 

scanning a knife edge across the laser profile (~ 1 mm transverse spot size) and recording the passing 

residual pulse energy. The spatial overlap between pump and probe beams in the transmission scheme is 

ensured with a precision of ~20 μm by maximizing the transmission of both beams through a 150 μm 

aperture at the sample plane, whereas in the reflection geometry it is realized by aligning both beams on 

a sharp edge of the sample. In order to minimize space charge effects, an electron pulse contains less than 

300 electrons, giving a sub-picosecond pulse duration [9]. In the reflection scheme, the velocity mismatch 

and the non-coaxial geometry between electrons and photons are responsible for a different arrival time 

of the electrons at different regions of the sample surface illuminated by the pump pulse. This effect is 

compensated for by tilting the wavefront of the optical pulse with respect to its propagation direction 

[10], thus preserving the sub-ps temporal resolution. The relative delay time between laser-pump and 

electron-probe is controlled by a linear delay stage inserted into the optical path of the pump beam. 

The electron diffraction patterns generated by electron scattering from the samples are recorded 

on a gated MCP/phosphor-screen/CCD assembly, and monitored in stroboscopic mode as a function of 

the delay time between pump and probe. To obtain a good signal-to-noise ratio, more than 100 temporal 

scans have been acquired over different sample positions, and in each scan every diffraction pattern was 

averaged over 20,000-40,000 reproducible events. The large spot-size of the optical pump (~ 1 mm) and 

the low repetition rate (2 kHz) allowed to reduce radiation damage caused by cumulative and localized 
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heating. Because of the low fluences used, transient electric field (surface charging) effect [11] was found 

to be insignificant for all measurements. 

 

S2.2 Diffraction analysis 

The diffraction pattern of rr-P3HT:PC71BM thin films consists of Debye-Scherrer rings since the sample is 

an ensemble of randomly oriented nanocrystals (Fig. 1a – bottom left). The center of the diffraction rings 

in each pattern was determined by a Hough transform as used in image theory, allowing us to compensate 

for any drift of the electron beam. Azimuthally-averaging the two-dimensional diffraction pattern gives 

the one-dimensional rocking curve as a function of the scattering vector, 𝑠 (Fig. 1a – bottom right), which 

shows two peaks associated to the PC71BM and P3HT(020) reflections. For data analysis, the rocking curve 

was fitted using a fourth-order inverse polynomial background and two asymmetric Gaussian functions, 

from which the position and the intensity of the observed diffraction peaks were carefully determined. 

For the CH3NH3PbI3 single crystal, we monitored the diffraction pattern obtained from the (001) 

surface along the [110] zone-axis (see Fig. 1b – bottom). This is composed of a series of diffraction spots 

assigned to the {00l} and {11l} reflections of the tetragonal lattice. To quantitatively study the dynamics, 

we selected a specific region of interest within the diffraction pattern around a certain diffraction spot 

(for instance, (0 0 12)), from which a one-dimensional peak profile was obtained. The peak was fitted 

using a linear background and a Lorentzian function, from which we could retrieve the diffraction intensity 

and peak position of the selected reflection. 

 

S3. Time-zero determination 

Particular care has been taken for the calibration of the zero-delay time, i.e. the time at which the electron 

pulse and the laser pulse simultaneously arrive on the sample. We used multiphoton ionization from a 

metallic or semiconducting surface, which is responsible for the so-called “plasma lensing effect”. When 
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the surface is subjected to an intense femtosecond laser pulse, photoelectrons are generated to form a 

transient and localized plasma synchronous with the laser excitation. This plasma is able to act as 

convergent or divergent lens, changing the electron pulse’s position and spatial profile [10]. Using this 

method the zero-time is obtained with an accuracy of about 1 ps [12]. 

For experiments in transmission geometry, we used a 2-3 nm Au thin film on a 300-mesh gold 

TEM grid (purchased from Ted Pella Inc.). Here, the electron beam arrives on the sample in normal 

incidence, while the laser impinges with a 45° incidence angle. For the calibration in reflection geometry, 

we have subjected the CH3NH3PbI3 single crystal to a long-time illumination in vacuum with the 800 nm 

beam at a fluence of 1.56 mJ/cm2. This results in a significant degradation of the perovskite crystal within 

the laser penetration depth, which transforms it into a purely inorganic PbIx crystal [13], able to generate 

an intense plasma. In this case, the electron beam is set to be tangential to the sample surface, while the 

optical pulse with a tilted wavefront arrives in normal incidence. 

Figs. S3a and S3b show the typical transient behavior of the direct electron beam deflection for 

the transmission scheme under a laser excitation at λp = 400 nm (1 mJ/cm2) and λp = 800 nm (4.6 mJ/cm2), 

respectively. In Fig. S3c, the transient deflection measured for the reflection geometry is reported for a 

laser excitation at λp = 800 nm (1.56 mJ/cm2). For an accurate estimation, we evaluated the zero-time 

from all transients by linearly fitting the initial slope and determining the crossing with the base line. This 

calibration has been repeated for every set of experiments, and the estimated values have been used as 

reference for the transients measured on the organic blend films and CH3NH3PbI3 single crystals. 
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Fig. S3. Zero-time calibration. (a)-(b) Transient behavior of the direct electron beam deflection when 

transmitted through a 2-3 nm thick gold thin film on a gold TEM grid. In panel A the laser excitation is 1 

mJ/cm2 at λp = 400 nm, whereas in panel B it is 4.6 mJ/cm2 at λp = 800 nm. (C) Transient deflection 

measured for the reflection geometry when the direct electron beam is tangential to the surface of a PbIx 

bulk crystal. The laser excitation is 1.56 mJ/cm2 at λp = 800 nm. For an accurate estimation, the zero-time 

from each transient is estimated by linearly fitting the initial slope and determining the crossing with the 

base line. 

 

S4. Additional diffraction data on rr-P3HT:PC71BM 

In Fig. S4 we report the measured temporal evolution in the case of (1:2) and (2:1) blend ratios. The 

diffraction intensity change for the PC71BM and P3HT(020) reflections are shown as a function of the delay 

time for 400 nm optical pump with incident fluence of 120 μJ/cm2. In agreement with the results reported 

for the (1:1) and (4:1) blends in Fig. 2b (see main text), the PC71BM signal does not show any substantial 

change and the P3HT(020) peak exhibits a ‘lagged’ response with a lag time that increases from 3.6 to 

18.8 ps when changing the P3HT content from 33 wt% to 66 wt%. 



10 
 

 
Fig. S4. Experimental temporal evolution of the diffraction intensity for the PC71BM (red circles) and 

P3HT(020) (blue circles) reflections in (2:1) (top panel) and (1:2) (bottom panel) blend ratios. The optical 

pump is at 400 nm with incident fluence of 120 μJ/cm2. 

 

S5. Time-dependent DFT calculations 

S5.1 Stationary states 

Ground state calculations for the rr-P3HT:PC71BM blend were performed using a plane-wave 

pseudopotential approach within Density Functional Theory (DFT) as implemented in the Quantum 

Espresso code (www.quantum-espresso.org) [14]. Exchange-correlation functional was described through 

Local Density Approximation (LDA). Although this method is known for overestimating binding energies in 

these systems, it provides the correct estimation of their structural properties, such as the inter-chain 

separations, as demonstrated in previous theoretical works [15]. Norm-conserving pseudopotentials and 

a kinetic energy cutoff of 70 Ry have been used. The model built includes two P3HT units, composed by 4 

http://www.quantum-espresso.org/
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thiophene rings each and a PC71BM molecule. A 35x35x15.876 Å unit cell was considered in order to keep 

periodicity along the c direction and to have vacuum along the other two directions (around 16 Å along 

the a axis and 20 Å along b axis). Due to the large dimensions of the unit cell in the a and b directions, a 

1x1x16 Monkhorst-Pack k-points grid was adopted to sample the Brillouin zone. Structural relaxations 

were considered converged when the force acting on each atom was less than 20 meV/Å.  

The perovskite cubic phase cell structure with [111] alignment of the methylammonium group 

was taken from [16], where it was obtained by geometry relaxation at the PBE level with TS09-van der 

Waals interaction. 

As described in the main text, the experimental diffraction data shown in Fig. 5a-b provide 

information on the atomic homogeneous structural rearrangements of the rr-P3HT:PC71BM unit cell. To 

calculate the steady state structural reorganization induced by the electronic excitation to be compared 

with experiments, we applied a two-step procedure. First, we calculated the optimized geometry for the 

electronic ground state and analyzed the structural parameters (in particular inter-chains atomic 

distances). Then, we performed another relaxation but this time we constrained the electronic 

configuration to mimic an excited state: an electron from the valence band is moved to the conduction 

band (hence creating a hole in the valence band), and the electronic occupations are kept fix while letting 

the ions free to move. Results of the two calculations are reported in Fig. 5d in which the inter-chain 

distance for the two cases is shown. The calculations indicate a clear contraction of the polymeric chains 

when the system is excited, in substantial agreement with the experimental data in Fig. 5a-b. Although the 

assumption of a constrained electronic occupation is a quite strong approximation for the excited state, 

this procedure provides an indication of the effect of the electronic excitation on the system geometry (as 

demonstrated in previous theoretical studies, see for example Ref. [17]). The net effect of the excitation 

here is understood as a final state effect, i.e. assuming that the photoexcited electronic state has been 

stabilized by a suitable rearrangements of the nuclei and the system has reached a new stationary 



12 
 

equilibrium. This kind of simulation cannot provide insight into the dynamics of the transient excited state, 

which is explored by performing time-dependent simulations as described in the following paragraphs. 

 

S5.2 Time-dependent simulations 

Time Dependent Density Functional Theory (TDDFT) as real time Kohn-Sham propagation was employed 

to study the excited state properties of the two photovoltaic materials addressed in this work, namely the 

rr-P3HT:PC71BM blend, and the methylammonium lead iodide perovskite (CH3NH3PbI3). In both cases the 

initial geometries were obtained by simplifying the DFT ground state relaxed geometries described in the 

previous section. The core electrons were represented by means of Troullier-Martins pseudopotentials. 

The electron density and the other space-dependent quantities were discretized on a three-dimensional 

real space grid with a  spacing of 0.19 Å, and the time-dependent Kohn-Sham equations were solved in 

real time with the finite differences method as implemented in the open-source code octopus 

(gitlab.com/octopus-code/octopus)  [18,19]. 

In all simulations the explicit solution of the time-dependent Kohn-Sham equations was coupled 

to classical nuclear equations of motion via the Ehrenfest Hamiltonian, which provides a quantum force 

term as a mean field back reaction of the electrons onto the nuclei. In particular the formalism described 

in Ref. [20] was adopted. 

The time-dependent simulations were performed in two distinct regimes. In one case the system 

was propagated freely from its electronic ground state, with an initially imposed random Maxwell-

Boltzmann distribution of the nuclear velocities corresponding to a temperature of 300 K. These runs were 

mostly meant to assess the value of the nuclear mean square displacements (MSD) from their equilibrium 

positions as due to thermal fluctuations only. In a second set of simulations the system was initially put in 

an electronically excited state corresponding to a Franck-Condon transition. A sudden change in the 

electron density was imposed at the first time step in order to mimic the variation of the electron 
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population corresponding to a chosen excitation of the system. For consistency, the initial nuclear random 

velocities were kept as in the thermal equilibrium condition. Monitoring the system evolution and 

comparing the two runs, we were able to distinguish peculiar features that are uniquely related to the 

electronic excited state, and to its coupling with the nuclear motions. 

In particular, we followed the evolution of the total electronic density (and of its projections on 

the time-dependent Kohn-Sham orbitals), and of some other relevant geometrical parameters. The 

nuclear MSD were calculated in groups to highlight significant differences between the behaviors of 

subunits of the systems. Further details depend on the specific system, and are provided separately in the 

following subsections. 

 

S5.2.1 rr-P3HT:PC71BM blend 

A unit cell was initially built as for the ground state relaxation, by including two P3HT units, composed by 

4 thiophene rings each and a PC71BM molecule. After checking that no major changes in the level 

alignment occurred close to the band edge, we simplified the structure by removing all the side alkyl 

chains, substituting PC71BM with a C70 molecule and resizing the cell to 29.84x16.008x15.876 Å. Periodic 

boundary conditions were applied to this cell in all directions. The Γ point only was included in the time 

propagation, and TDDFT was employed at the adiabatic LDA level. The time step for the simulation was 

set to match the electronic dynamics time scale at 1.3 as. 

The initial electronic excitation was modeled as a pure transition from a P3HT to a C70 single 

particle state. An electron was therefore suddenly moved from the polymer to C70. In the following 100 fs 

significant oscillation in the charge are observed between the moieties. The MSDs of the nuclear positions 

were calculated using the Kabsch algorithm [21] for the donor (the two P3HT units) and the acceptor (C70) 

separately to highlight the different behavior of the moieties. A marked difference was observed in the 

absolute values of the MSD, indicating a much larger mobility of the moieties on the excited state 
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trajectory, with respect to the thermal equilibrium one. See Fig. 3 in the main article, and comments 

therein. The supplementary movie M1 shows the excited state trajectory of the systems for the first 100 

fs after excitation. The motion of the P3HT chains are particularly evident, and involve both inter-chain 

modes, such as C-C stretches and thiophene rings relative torsions, and intra-chain modes. Among these 

a flexural anti-phase mode is clearly distinguishable, leading to a decrease of the intra-chain distance at 

the rings directly beneath the C70, and an increase of the intra-chain distance far from the electron 

acceptor. 

 
Supplementary Movie M1. Excited state trajectory of rr-P3HT:PC71BM.  
This movie clip shows the excited state trajectory of the blend during the first 100 fs after the 
photoexcitation has occurred. A complex oscillatory motion affects the whole cell, although much larger 
displacements are visible on the polymer chains. This fact is confirmed by the explicit calculations of the 
nuclear MSD. In particular an overall bending motion brings the two thiophene rings facing the C70 closer 
to each other, while pushes the far ends of the chain farther apart. 
 

S5.2.2 Perovskite 

In this case we kept the original perovskite unit formula, but we reduced the unit cell to cubic symmetry, 

with a side of 6.347 Å. The methylammonium molecule was initially oriented along the [111] direction, 

and periodic boundary conditions were applied on a 6x6x6 k-point grid. The time step for the simulation 

was the same adopted for the rr-P3HT:PC71BM blend (1.3 as), but the time propagation was also extended 

to longer times (up to 600 fs) by considering the Γ point only. The TDDFT functional of choice in this case 

was Perdew-Burke-Ernzerhof (PBE). The adiabatic approximation for the TDDFT kernel was maintained. 

At the first time step, an approximate electronic excited state was built by removing one electron 

from the valence band (mostly localized on the Iodine atoms) and promoting it to the conduction band 

(mostly localized on Lead atom). MSD were calculated for two groups of atoms, namely for the PbI3 cage 

and for the methylammonium molecule. Although the latter maintains an overall higher mobility in all 

runs, a striking difference is observed between the thermal and the photoexcited trajectories. In 

particular, a strong orthorhombic distortion of the Pb-I cage is observed, together with a wide libration of 
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the methylammonium molecule. As a result the dominant direction of the p state axis changes, mostly 

correlating to the change in position of the NH3 cation. See Fig. 3 in the main article, and comments 

therein. 

 
Supplementary Movie M2. Excited state dynamics of perovskite. 
The excited state electron density of a cubic cell methylammonium-lead-triiodide perovskite is projected 
into the conduction band edge orbital. An electron has been promoted from the valence band edge, 
mainly localized on the I atoms into the lowest energy conduction band state, mostly having Pb character 
at time zero, and the following time evolution is displayed. The orientation of the excited state is 
correlated with the overall cell polarization, which, in turn, is governed by huge changes both in the Pb-I 
cage distortion and the organic molecule libration. 
 
 
Supplementary Movie M3. Thermal dynamics of perovskite 
This movie clip shows the time propagation of the valence band edge projected charge density. During 
this evolution the system remains in its electronic ground state, which adiabatically follows the nuclear 
configuration in the ground state potential energy surface. Thermal fluctuations induce nuclear 
movement and distortions overall much less prominent than the ones observed in the excited state. 
 

S5.2.3 Quantitative comparison between experiment and calculations 

Because the change of diffraction intensity can be directly associated to the mean-square displacement 

(MSD), 〈𝑢2〉, along the direction of the scattering vector, a quantitative comparison between experiments 

and calculations can be retrieved. In the case of the rr-P3HT:PC71BM blend with an excitation fluence of 

120 μJ/cm2, the excited number of electrons per unit cell is only 0.067. In the calculations we adopt an 

excitation of one electron per cell, and thus the theoretical MSD for rr-P3HT have to be normalized to the 

experimental excitation. For P3HT we obtain: 〈𝑢2〉𝑡ℎ𝑒𝑜
𝑃3𝐻𝑇 ≈ 750 pm2 ∙ 0.067 = 50.25 pm2. An intensity 

change of ~ 0.5 - 1% for the P3HT(020) reflection gives 〈𝑢2〉𝑒𝑥𝑝
𝑃3𝐻𝑇 ≈ 37 − 75 pm2, providing a satisfactory 

agreement between theory and experiments.  

In CH3NH3PbI3, for the largest incident fluence used (310 μJ/cm2) the excited number of electrons 

per unit cell is only 6.5x10-4. The normalized values of the calculated MSDs for the methylammonium, 

CH3NH3, and for the lead iodide, PbI3, are thus: 〈𝑢2〉𝑡ℎ𝑒𝑜
𝐶𝐻3𝑁𝐻3 ≈ 2.9 ∙ 104 pm2 ∙ 6.5 ∙ 10−4 = 18.85 pm2 and 
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〈𝑢2〉𝑡ℎ𝑒𝑜
𝑃𝑏𝐼3 ≈ 0.3 ∙ 104 pm2 ∙ 6.5 ∙ 10−4 = 1.95 pm2, respectively. Considering an intensity change of 

3%  for the (0 0 12) reflection at 310 μJ/cm2, the experimentally observed MSD is 〈𝑢2〉𝑡ℎ𝑒𝑜
𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3 ≈

17.2 pm2, which is close to the value calculated for the highly mobile organic component. 

 

S6. Equilibrium heating model 

According to the equilibrium heating model [22,23] the temperature increase, ∆𝑇, induced by the laser 

irradiation can be calculated from: 

 𝑛𝑒𝑥𝑐(ℎ𝜐 − 𝐸𝑔) = ∫ 𝜌𝑐𝑝(𝑇)𝑑𝑇
𝑇0+∆𝑇

𝑇0

 (1) 

where 𝑛𝑒𝑥𝑐 is the photoexcited carrier density, 𝑇0 = 300 K is the initial temperature, 𝐸𝑔 is the band gap 

(absorption onset), 𝜌 is the mass density, and 𝑐𝑝(𝑇) is the temperature-dependent specific heat. The 

photoexcited carrier density depends on the incident fluence, 𝑓, through the equation: 

 𝑛𝑒𝑥𝑐 =
𝑓𝛼(1 − 𝑅)

ℎ𝜈
 (2) 

where ℎ𝜈 is the photon energy, 𝛼 is the absorption coefficient, and 𝑅 is the reflection coefficient. At low 

fluence, we have that ∆𝑇 ≪ 𝑇0 and therefore 𝑐𝑝(𝑇) ~ 𝑐𝑝(𝑇0), leading to: 

 ∆𝑇 ≈
𝑛𝑒𝑥𝑐(ℎ𝜈 − 𝐸𝑔)

𝜌𝑐𝑝(𝑇0)
 (3) 

The thermal motions for a given temperature increase, ∆𝑇, induce a loss of interference that results in a 

reduction of the diffraction intensity, quantitatively described by the Debye-Waller relation: 

 ln (
𝐼0

𝐼
) = 2[𝑊(𝑇, Θ𝐷) − 𝑊(𝑇0, Θ𝐷)] (4) 

where 𝑇 = 𝑇0 + ∆𝑇, Θ𝐷 is the Debye temperature, 𝑊 is the Debye-Waller factor. The Debye-Waller factor 

can be expressed as: 
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 𝑊(𝑇, Θ𝐷) =
3ℏ2𝑠2

2𝑀𝐾𝐵Θ𝐷
[
1

4
+ (

𝑇

Θ𝐷
)

2

∫
𝜓

exp(𝜓) − 1
𝑑𝜓

Θ𝐷 𝑇⁄

0

] (5) 

where 𝑀 is the average atomic mass of the atoms within the unit cell, 𝐾𝐵 is the Boltzmann constant, and 

ℏ is the Planck constant. Using the parameters reported in the table S1 below and in hypothesis that all 

the incident optical pump power is converted into heating the system, we calculate a temperature jump 

∆𝑇 of 2.02 K and 0.04 K for rr-P3HT:PC71BM and CH3NH3PbI3 at the highest fluence used, respectively. This 

would induce an intensity change 𝐼 𝐼0⁄  of 0.04 % and 0.08 % for the two materials, respectively. 

 

Table S1 

Material property rr-P3HT 
CH3NH3PbI3             

(single crystal) 

mass density, 𝜌 1.1∙103 kg/m3 4.127∙103 kg/m3 

photon energy, ℎ𝜈 3.10 eV 1.55 eV 

absorption coefficient, 𝛼 (at ℎ𝜈) 5.88∙106 m-1 [24] 2.6∙105 m-1 [28] 

reflection coefficient, 𝑅 0.07 [25] 0.1 [26] 

band gap (absorption onset), 𝐸𝑔 1.85 eV [27] 1.47 eV [28] 

specific heat, 𝑐𝑝 (at 300 K) 1160 J∙kg-1∙K-1 [29] 302.88 J∙kg-1∙K-1 [30,31] 

Debye temperature, Θ𝐷 645 K [32] 120 K [30,33] 

 

 

S7. Modelling phonon-bottleneck and phonon-avalanche 

The simplest model able to describe the observed phonon dynamics is based on coupled rate equations 

for the carrier and phonon populations. It is a modified version of the one developed in Ref. [34] used to 

describe the regenerative phonon emission in a bottlenecked lattice, where we also include the carrier 

diffusion within the materials. The equations are written in terms of the normalized acoustic phonon 
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population, p, and the differential carrier population �̃� = 𝑛𝑒𝑥𝑐 − 𝑛𝐺𝑆, where 𝑛𝑒𝑥𝑐 is the excited carrier 

density and 𝑛𝐺𝑆 is the ground state carrier population. 

 

∂�̃�(𝑥, 𝑡)

∂𝑡
= 𝑄(𝑥, 𝑡) + 𝐷

∂2�̃�(𝑥, 𝑡)

∂𝑥2
− 𝐴

�̃�(𝑝(𝑥, 𝑡) + 1)

𝜏𝐷
𝐿(𝑥) 

∂𝑝(𝑥, 𝑡)

∂𝑡
=

𝐴

𝜌𝑝ℎ

�̃�(𝑝(𝑥, 𝑡) + 1)

𝜏𝐷
𝐿(𝑥) −

𝑝(𝑥, 𝑡)

𝜏𝑝
 

(6) 

 where the source term 𝑄(𝑡) is written as: 

 𝑄(𝑥, 𝑡) =
𝑓𝛼(1 − 𝑅)

ℎ𝜈

sech2(𝑡 𝜏𝐿𝑎𝑠⁄ )

2𝜏𝐿𝑎𝑠
 (7) 

and 𝜏𝐿𝑎𝑠 = 100 fs is the laser pulse width. In Eq. (6), 𝐷 is the diffusion coefficient and 𝜏𝐷 = 𝐿𝑑𝑖𝑓𝑓
2 4𝐷⁄  is 

the diffusion time (𝐿𝑑𝑖𝑓𝑓 is the diffusion length). The parameter 𝐴 is the bottleneck factor and modulates 

the decay of the charge carriers during their diffusion, 𝜌𝑝ℎ is the available acoustic phonon density, and 

𝜏𝑝 is the phonon dissipation time constant and describe the rate at which the lattice goes back to the 

equilibrium. 

The function 𝐿(𝑥) describes the carrier localization at the surface or interface. Here the carriers 

can explore a larger region of their energy landscape and multiple decay channels can open up. For 

P3HT:PCBM, in order to keep into account the bipolar diffusion of singlet excitons on a length scale 𝐿𝑑𝑖𝑓𝑓, 

the rr-P3HT domain is modelled as formed of a core region with size 2𝐿𝑑𝑖𝑓𝑓, and an interface region with 

dimension 𝛿 ~ 1 nm on each side of the core. In this case, 𝐿(𝑥) is given by: 

 
𝐿(𝑥) = 𝐻𝐿(𝑥) + 𝐻𝑅(𝑥) 

𝐻𝐿 = 𝐻[𝑥 + 𝐿𝑑𝑖𝑓𝑓] − 𝐻[𝑥 − (𝛿 − 𝐿𝑑𝑖𝑓𝑓)]; 𝐻𝑅 = 𝐻[𝑥 − (𝐿𝑑𝑖𝑓𝑓 − 𝛿)] − 𝐻[𝑥 − 𝐿𝑑𝑖𝑓𝑓] 
(8) 

where 𝐻[… ] is the Heaviside step function.  

For the hybrid perovskite single-crystal, the growth method adopted in this work induces an 

intrinsic p-doping, and thus defects can trap the majority carriers close to the surface and induce the 

formation of a depletion layer of size 𝑤 ~ 100 nm, which creates a significant band bending. Because of 
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the presence of this band bending and because of the finite penetration depth of the laser pump, a 

gradient of the chemical potential develops mainly along the direction perpendicular to the surface, and 

the photoexcited electrons diffusing in the material can thus preferentially accumulates at the crystal 

surface. In this case, 𝐿(𝑥) can be given in first approximation by: 

 𝐿(𝑥) = 𝐻[𝑥] − 𝐻[𝑥 − 𝑤] (9) 

To simulate the effect on the lattice dynamics by the modulation of the kinetic conditions of 

carrier diffusion within both materials, we have calculated the transient response of the system for 

different values of the diffusion time constant 𝜏𝐷. For P3HT:PCBM, the diffusion coefficient is 𝐷 ≈

10−3 cm2 s⁄  [35,36] and the transverse P3HT domain size, 𝑑, is able to modulate the diffusion length of 

the photoexcited singlet excitons as 𝐿𝑑𝑖𝑓𝑓 = (𝑑 2⁄ ) − 𝑅𝑆 (𝑅𝑆 ≈ 6 nm [37] is the exciton radius in 

crystalline rr-P3HT), which in turns modulates the diffusion time. For CH3NH3PbI3 single-crystals, the 

carrier mobility 𝜇, and therefore the diffusion coefficient 𝐷 = 𝜇 𝐾𝐵𝑇 𝑒⁄  (𝑇 is the temperature and 𝑒 is the 

electron charge), exhibit an inverse correlation on the excited carrier density [38]. This results from an 

enhanced carrier-carrier scattering at large excitation fluences, and induces a significant modulation of 

the diffusion time constant.  

With initial conditions given by �̃�(𝑥, 0) = 0 and 𝑝(𝑥, 0) = 0 and boundary conditions defined by 

the investigated configuration, we numerically solved the model described above for the specified domain 

geometry and calculated the temporal behavior of the carrier and phonon populations. In Fig. 4e of the 

main text, we report the normalized phonon population averaged at the surface or interface for different 

values of the diffusion time constant. After an initial lag time determined by the diffusion parameters 

where the phonon bottleneck dominates, a sharp increase of the phonon population is observed when 

carriers accumulates at the surface or interface, which describes the regenerative emission of phonons 

(avalanche). Finally, the system relaxes back toward the equilibrium on a longer timescale. 
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