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Solar materials convert light into other forms of energy through excited state processes occurring 
on ultrafast time and atomic length scales. Understanding and controlling such nonequilibrium 
processes is essential for applications ranging from photovoltaics to photocatalysis. These 
processes are commonly studied by transient optical techniques, which resolve charge carrier 
dynamics. However, optical spectroscopy does not directly probe the atomic-scale motions 
that play a central role in the ultimate functionality of these materials. Filling this missing gap, 
ultrafast electron and x-ray scattering techniques enable monitoring of structural dynamics 
in materials with femtosecond time resolution. Here, we focus on the use of ultrafast electron 
diffraction (UED) techniques to probe photoinduced energy conversion dynamics in solar energy 
materials. First, we discuss the use of UED as an ultrafast lattice thermometer allowing a direct 
probe of nonradiative relaxations such as hot carrier cooling and Auger recombination. Second, 
we present a time-resolved atomic pair distribution function analysis enabled by UED, which 
uncovers lattice deformations arising from excitation localization in materials. Finally, we provide 
an outlook looking toward new approaches for resolving in situ energy conversion dynamics 
and uncovering structure–property relationships in solar energy materials.

Introduction
Renewable and clean energy sources including solar energy 
have been gaining an increasing importance in the last dec-
ades. A key goal is to substantially increase their deployment 
globally in the upcoming decades. Materials are expected to 
play a central role to accomplish this quest, particularly ones 
that efficiently convert solar energy into other forms such as 
electrical and chemical energy. To accelerate developments in 
solar technologies, understanding nonequilibrium processes 
is of fundamental importance. Absorption of a photon leads 
to generation of an excited state, which transiently stores the 
absorbed energy while undergoing various processes at the 
nanoscale such as transport and recombination. These pro-
cesses typically involve dynamic interactions of the excited 
states with their surroundings, involving lattice degrees 
of freedoms, on time scales ranging from femtoseconds to 
picoseconds. These interactions play an important role in 
determining the efficiency limits of energy conversion, hence 
an atomic-scale understanding of dynamic carrier–lattice 

interactions is needed to optimize performance of solar energy 
materials.

Historically, transient optical methods, including time-
resolved photoluminescence and transient absorption have 
been used to monitor excited state dynamics in solar mate-
rials at picosecond time scales.1–5 Although such optical 
measurements provide insights into various electronic pro-
cesses, dynamic carrier–lattice interactions cannot be directly 
accessed. Ultrafast structural measurements6,7 based on pulsed 
x-ray and electron beams provide snapshots of the atomic 
structure following photoexcitation. Among different meas-
urement modalities, ultrafast electron diffraction (UED)8,9 rep-
resents a highly suitable tool for characterizing nonradiative 
relaxation and excitation localization dynamics in solar energy 
materials with the required temporal and spatial resolution.

In this perspective, we describe how UED can be utilized 
to study excited state processes in solar materials comprising 
metal and semiconductor nanostructures and thin films, and in 
particular how it represents a new means for probing dynamic 
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processes associated with energy conversion, hot carrier relax-
ation, and excitation localization dynamics. First, we show 
that ultrafast lattice thermometry can be unlocked by track-
ing atomic mean-squared displacements, which allows one 
to probe hot carrier dynamics in materials such as plasmonic 
nanostructures. Second, we demonstrate transient atomic pair 
distribution function (TR-PDF) analysis from which structural 
deformations arising from dynamic excitation localization pro-
cesses in materials such as the hybrid halide perovskites can be 
understood. Finally, we compare UED to x-ray-based ultrafast 
methods and provide an outlook toward future research oppor-
tunities for probing dynamic structure–property relationships 
in solar energy materials.

Transient lattice thermometry using ultrafast electron 
diffraction
Nonradiative relaxation is fundamental to any material har-
nessing light. In a nonradiative process, excited state energy 
is transferred in part to lattice vibrations, hence, nonradiative 
relaxation manifests itself as lattice heating. For example, 
hot carriers, excited states with excess kinetic energy,10–13 
relax via electron–phonon coupling and thermalize with 
the lattice. Because of strong coupling between electrons 
and phonons, hot carriers in most materials are extremely 
short-lived (< 1 ps).14,15 As a result, harvesting hot carri-
ers has been highly challenging in photovoltaic and photo-
catalytic applications despite their promise to boost device 
performances.16,17 Although dynamic lattice responses play 
a major role in hot carrier relaxation, these responses have 

not been directly resolved until 
recently due to a scarcity of tech-
niques that can track atomic-scale 
motion on ultrafast time scales. 
From a lattice point of view, hot 
carrier relaxation, also dubbed 
hot carrier cooling, is equiva-
lent to cold lattice heating (Fig-
ure 1a). In this respect, UED offers 
strong potential to uncover lattice 
responses underlying nonradiative 
relaxations in materials compli-
menting existing ultrafast optical 
measurements.17

Incoherent motion of atoms 
around their equilibrium posi-
tions alters the diffraction intensi-
ties as explained first by Debye18 
and Waller.19 Because of this, an 
increase in lattice temperature 
results in a reduction of the Bragg 
peak intensity (Figure 1b), while the 
intensity between diffraction peaks 
goes up due to thermal diffuse scat-
tering. To understand the origin of 
this, we first consider the diffraction 

peak intensity I(Q) that is proportional to |F(Q)|2 , where F(Q) 
is the structure factor expressed as a Fourier transform of the 
unit cell coordinates:

Here, 
⇀

Q is the scattering vector, ⇀rm is the position of the mth 
atom in a unit cell, f (Q)

m
 is the Q-dependent scattering factor 

associated with the mth atom. Thermally induced motion of 
atoms leads to displacements from their equilibrium position, 
which we denote as ⇀
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structure factor is then modified accordingly to
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mean-square displacements induced by a change in the lattice 
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Figure 1.   (a) Photoexcited hot carriers relax and thermalize with the lattice, hence resulting 
in cold lattice heating. (b) Static diffraction signal (top panel) from a polycrystalline gold film 
and transient changes following femtosecond laser excitation measured at different time 
delays (bottom panel).33 (c) Transient intensity changes of different reflections of a gold thin 
film that become progressively larger for peaks with higher Q. Also, thermal diffuse scattering 
simultaneously increases with decreasing Bragg peaks.33 (d) Debye–Waller effect is 
confirmed in a monolayer MoSe2 sample by measuring the Q2 dependence of − ln

(

I
I0

)

 
under various excitation fluences.22



Equations 3 and 4 relate the diffraction peak intensity to 
changes in the atomic mean-square displacements and this 
is known as the Debye–Waller factor. In a UED experiment, 
atomic mean-square displacements are tracked at ultrafast time 
scales by monitoring diffraction peak intensities as a function 
of the delay between the optical pump and the pulsed electron 
beam probe. As a result, Equation 4 can be modified to

where I0(Q) is the static diffraction peak intensity, I(Q, t) is the 
diffraction intensity at time t after the arrival of a pump pulse, 
and 

〈

�u(t)2
〉

 is the transiently induced change in atomic mean-
square displacements.20 As an example, Figure 1c shows I(Q, t) 
measured at various Bragg peaks of a polycrystalline gold thin 
film following femtosecond light excitation. Within a 10 ps 
time window, all peak intensities decrease transiently as the 
excited state energy is transferred to the lattice. To confirm that 
the transient response is indeed due to lattice heating, it is 
important to verify the linear relationship between −ln

(

I(Q,t)

I0(Q)

)

 
and Q2 . Figure 1d shows an exemplary case of a monolayer 
film of MoSe2 excited by photon energies above the bandgap. 
The logarithm of the normalized diffraction intensity 
−ln

(

I(Q,t)

I0(Q)

)

 shows a linear dependence as a function of Q2 , 
confirming that the dynamic lattice response is transient heating 
arising from relaxation of hot carriers via electron–phonon cou-
pling.21 To date, transient lattice heating dynamics have been 
resolved in various solar-energy-related materials using UED, 
including metal22,23 and semiconductor24,25 nanocrystals, lay-
ered two-dimensional materials21 ,26–28 as well as 
semiconductor29–31 and metal32–34 polycrystalline thin films.
In order to convert transiently induced atomic mean-square 
displacements into lattice temperatures, experimentally meas-
ured Debye–Waller factors are commonly used.35 In addi-
tion, molecular dynamics simulations24,26,27 can be utilized 
to estimate Debye–Waller factors. The general relationship36 
between atomic mean-square displacements and lattice tem-
perature can be expressed as an integral over the phonon den-
sity of states, g(ω) as

where ω is the angular frequency of a phonon mode, m is the 
mass of an atom, kB is the Boltzmann constant, and T  is the 
lattice temperature. Equation (6) also provides intuitive insight 
into the contribution of different phonon modes to atomic 
mean-square displacements. The term coth
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result, transient lattice heating dynamics are more sensitive to 
the response of lower energy modes, typically low momentum 
acoustic phonons.

In cases where the harmonic or isotropic atomic displace-
ment approximation becomes invalid, the transient changes of 
diffraction intensity due to lattice heating may deviate from the 
classical Debye–Waller model expressed in Equation 4. These 
deviations typically arise from anharmonic responses associ-
ated with nonequilibrium phonon–phonon interactions,37–39 
from anisotropic electron–phonon coupling,26,40 or from ani-
sotropies in the intrinsic elastic constants. Nonequilibrium 
or anharmonic phonon responses often become important 
under intense excitation conditions that drive large amplitude 
atomic motions. However, there are cases such as in the hybrid 
perovskites41 where anharmonic responses are relevant even 
under normal operating conditions.

To highlight the use of UED as an ultrafast lattice ther-
mometer, here we discuss a recent work which investigated 
structure–property relationships in gold nanocrystals gov-
erning their hot carrier relaxation properties.22 In plasmonic 
nanostructures, hot carriers are central to their functionality 
for solar energy conversion.14 Therefore, understanding and 
controlling hot carrier lifetimes is critical in these materi-
als. Transient optical measurements commonly are unable 
to precisely characterize hot carrier lifetimes in metal nano-
structures as optical signals are convolved with various other 
electronic processes.5 Guzelturk et al.22 showed that UED 
directly probes picosecond time scale lattice heating dynam-
ics in gold nanocrystals, which allows for accurate determina-
tion of the hot carrier lifetimes and electron–phonon coupling 
strengths in nanocrystals which are promising for photoca-
talysis. Figure 2a shows transient lattice heating dynamics 
measured from a gold nanocrystal film (Figure 2b inset). Fig-
ure 2b shows the lattice heating lifetimes and induced transient 
temperature jumps following photoexcitation under different 
excitation fluences. The experimental data can be fit success-
fully by a two-temperature model and the electron–phonon 
coupling strength is calculated for different conditions such as 
nanocrystal size, surface ligands, and excitation wavelength. It 
is found that gold nanocrystals of size in the range of 4–13 nm 
exhibit a strong size dependency for their hot carrier relaxation 
times. As the nanocrystal size becomes smaller, the hot car-
rier lifetime becomes significantly shortened due to increased 
electron–phonon coupling strength (Figure 2c). This finding 
points out that the nanocrystal size is an important optimiza-
tion parameter for applications harnessing hot carriers in metal 
nanocrystals. In addition, surface ligands were found to affect 
the hot carrier relaxation lifetimes. Particularly, gold nanocrys-
tals with thiol-based ligands showed longer hot carrier life-
times as compared to the ones with amine-based ligands, while 
the pump laser is tuned to excite localized surface plasmon 
resonance. The effect of ligands is indicated to arise from 
electronic interactions of hot carriers at the nanocrystal sur-
face–ligand interface, hence providing another degree of free-
dom to tweak hot carrier lifetimes. Overall, this study shows 



that UED powerfully resolves hot carrier dynamics in metallic 
nanostructures, which can be further extended to other materi-
als as well as other low-dimensional materials.

Transient atomic pair distribution function (TR‑PDF) 
analysis: Uncovering lattice deformations due 
to excitation localization
Excitation localization is common to most solar materials and 
governs their important optoelectronic functionalities such as 
carrier mobility and radiative efficiency.42 Strong coupling 
of excited states with lattice vibrations can lead to localiza-
tion and depending on the nature of this coupling, the spatial 
extent of localization can vary from sub-Angstrom to several 
nanometers (Figure 3a). For example, highly localized exci-
tations in the form of small polarons can induce trapping due 
their own distortion fields, with related phenomena such as 
self-trapped excitons underlying the optoelectronic properties 
of certain 2D hybrid perovskites.43,44 In the past, optical sig-
natures associated with excitation localization processes have 
been extensively studied, but structural signatures in the form 
of dynamic lattice deformations have not been well understood. 
The UED approach has the potential to uncover dynamics and 
mechanisms of localization processes in solar materials. To this 
end, UED enables a time-resolved atomic pair distribution func-
tion (TR-PDF) analysis; hence a direct view into short-range 
deformations and local structure changes in polycrystalline and 

nanocrystalline materials. PDF anal-
ysis has been employed for several 
decades45 to characterize local struc-
ture of nanocrystalline and amor-
phous materials statically. However, 
a time-resolved version with ultrafast 
time resolution has been enabled by 
UED.22,24,30,46

A pair distribution (or correlation) 
function, G(r) , characterizes the prob-
ability of finding a neighboring atom a 
distance r from any arbitrary atom in a 
material. Thus, PDF reveals informa-
tion about the local structure and bond-
ing within the material. G(r) is 
obtained by taking the sine-Fourier 
transform of the structure function, 
S(Q) , which is proportional to I(Q)

|f (Q)|2
 

where I(Q) is the experimental scatter-
ing intensity and f (Q) is atomic form 
factor. I(Q) has to cover a large Q 
range, typically from 1 to > 10 Å−1 in 
order to resolve the effects associated 
with local structure. Experimentally, 
the average 〈S(Q)〉 is equated to 1 to 
normalize experimental factors such as 
detector sensitivity and incident flux. 
Conventionally, a reduced scattering 
vector s = sin (θ)

�
=

Q

4π
 is employed, 

where θ is the scattering angle and � is the wavelength of the elec-
trons. The atomic form factor for electrons is represented as

where am and bm are the total scattering factor parameters spe-
cific to the atom (or ion) in the material. m denotes the number 
of atoms (or ions) in the composition. m0 is the mass of the 
average mass of the atoms, e is the electron charge, � is the 
Planck constant. �Z is the charge of the ions (e.g., + 2 for A+2). 
The static G(r) is then calculated by taking the sine-Fourier 
transform

In the case of TR-PDF, transient changes in G(r) (referred to 
as �G(r, t) ) are probed as a function of pump-probe delay t. 
Normally, for a static PDF a delicate effort has to be given to 
subtract off all non-sample related signals (e.g., air scattering and 
substrate signal) from the actual sample signal in I(Q) . TR-PDF 
alleviates the need for background subtraction as 
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Figure 2.   (a) Picosecond transient heating dynamics of gold nanocrystal thin films under 
different optical excitation fluences. (b) Hot carrier lifetime and lattice temperature jump 
induced by photoexcitation of varying densities revealed by ultrafast electron diffraction. (c) 
Electron–phonon coupling coefficient, g, in gold nanocrystals of varying size and surface 
ligands. Smaller size nanocrystals provide large g, while the thiol-based DDT and EDT 
ligands exhibit smaller g as compared to amine-based OAm, hence ligand control offers an 
additional way to tailor hot carrier dynamics.23



related signals, hence it provides a self-calibration for removing 
the background signals (e.g., air and substrate scattering). TR-
PDF is simply calculated by

TR-PDF has been instrumental to study melting46 and other 
phase changes47 in materials. More recently, UED-based TR-
PDF is proven to be useful to unveil light-induced deforma-
tions in hybrid lead halide perovskites and semiconductor 
nanocrystals, which are commonly used for light-harvesting 
devices. Hybrid lead halide perovskites are promising new 
generation photovoltaic materials with exceptional device 
performances.48 These perovskite-type materials have been 
known to have highly polarizable and soft lattices. In these 
materials, strong electron–phonon interactions prevail with 
observations of dynamic atomic fluctuations41 and large 
polarons,42 which are believed to underpin favorable opto-
electronic properties including high defect tolerances, long 
carrier diffusion lengths and slow hot carrier cooling.49,50 A 
recent UED study investigated a prototypical member of per-
ovskite family methylammonium lead triiodide (MAPbI3).30 
Although halide perovskites are known for their fast degra-
dation under electron beam irradiation such as static TEM,51 

(9)�G(r, t) =
2

π

Qmax
∫

Q
min

Q�S(Q, t) sin (Qr)dr.

these samples were extremely sta-
ble during this UED experiment 
due to the extremely small electron 
doses and low repetition rates used. 
Following above bandgap excita-
tion, which creates hot carriers, it 
is found that hot carrier relaxation 
happens slowly over a 10 ps time 
scale.30 Carrier excitation at the 
band-edge in contrast is found to 
lead to negligible heating response. 
More interestingly, hot carrier cool-
ing is shown to be coupled with a 
specific local disorder in the per-
ovskite inorganic sublattice. TR-
PDF showed that the I–I bond cor-
relation peak is broadened, while 
the Pb-I correlation is mostly unaf-
fected (Figure 3b). This suggested 
that hot carriers primarily couple 
with specific lattice vibrations to 
create rotational disorder in the PbI6 
octahedra. It was further shown that 
this observation cannot be simply 
explained by a temperature jump 
effect by contrasting to TR-PDF 
predictions via MD simulations 
(Figure 3b inset). Thus, it indicates 
that hot carrier cooling in MAPbI3 
transiently deform the PbI6 octahe-

dra anisotropically.
In another recent example, UED has been employed to 

investigate nonradiative relaxation in core–shell CdSe/CdS 
semiconductor quantum dots.24 These materials exhibit high 
radiative yields, hence promising for photovoltaics as well 
as light-emitting diodes. However, quantum efficiencies drop 
rapidly under increased excitation densities and larger photon 
energies due to enhanced nonradiative relaxation and surface 
trapping pathways.24 A recent UED study has found that at 
high-energy photon excitation, which creates hot carriers 
mainly in the CdS shell region of the quantum dots, the tran-
sient lattice response strongly deviates from a Debye–Waller 
model (Figure 3c). This deviation occurs only for the high 
Q peaks, suggesting the role of localized deformations. TR-
PDF analysis showed that the first nearest neighbor correlation 
peak, a bond between CdS, is transiently more disordered than 
all other higher order correlation peaks at early pump-probe 
time delays (Figure 3d). TR-PDF analysis indicated that short-
range deformations arise with a time constant of 5 ps. These 
observations are in agreement with a model considering the 
trapping of hot holes as small polarons on quantum dot sur-
faces, which dynamically captures hot holes in these quantum 
dots. Therefore, this finding reveals the atomistic pathways 
underlying how excited state energy in semiconductor quan-
tum dots is lost to surface trapping.
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Figure 3.   (a) Excitation localization in materials. Formation of a small polaron (left) and larger 
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lead halide perovskites showing light-induced anisotropic localized deformations appearing 
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in CdSe/CdS core–shell quantum dots deviating from Debye–Waller as localized surface 
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Comparison of UED to other complimentary 
techniques
We conclude this manuscript with a comparison of UED to 
other complementary approaches and provide an outlook 
toward future directions. The UED approach offers various 
advantages over other ultrafast structural modalities.

1.	 The large scattering cross-section of the electrons in 
comparison to x-rays makes UED sensitive to thin film 
samples, nanostructures, and layered 2D materials, which 
are commonly used in solar energy harvesting. X-ray free 
electron lasers provide much higher fluxes, but these may 
induce irreversible changes to the structure. A good com-
parison of time-resolved structure determination com-
paring x-ray versus electron approaches can be found in 
reference by Ma et al.52

2.	 Mega electron volt (MeV)53,54 electron bunch energy 
used in high-energy UED technique offers an almost 
completely flat Ewald sphere, hence I(Q) up to very 
high Q can be easily measured, which is the key for 
UED to enable the time-resolved PDF approach. In the 
case of x-ray-based PDF, hard x-rays with > 20 keV 
are commonly used to access large Q ranges, but such 
time-resolved experiments become hard to realize as 
thick samples may be needed such that the interaction 
volume of x-rays is large as compared to the volume 
excited optically.

3.	 Electron beam doses commonly used at UED are on the 
order 100 fC per pulse or less within a pulsed time struc-
ture. Considering the size of the electron beam on the 
sample, which is > 10 µm, the number of electrons per 
nm2 is substantially smaller (< < 1 e nm–2) as compared to 
imaging mode transmission electron microscopy (> > 100 
e nm–2). Therefore, sensitive samples such as hybrid lead 
halide perovskites, organic materials, and molecular sys-
tems can be studied without electron beam damage under 
UED.

On the other hand, UED is not suitable for thicker samples 
(> 200 nm); hence, x-rays have clear advantages for thicker 
samples or for samples which require epitaxial growth on a 
substrate. Nevertheless, recent developments have led to lift-
off techniques that enable freestanding, substrate-released 
membranes of samples compatible with UED approaches.55 
In a non-transmission mode configuration, UED can become 
complicated due to electrons interacting with photoinduced 
charges via electrostatic interactions, thus complicating the 
experiments and their interpretation.56 In addition, the Q-res-
olution of x-ray scattering techniques is generally much better 
than UED. This opens up possibilities such as probing diffuse 
scattering around Bragg peaks such as Huang scattering.57 
Samples with many overlapping Bragg peaks would also ben-
efit from x-ray approaches.

Future directions and summary
High repetition rate UED. Most of the current UED systems 
operate with low repetition rate lasers (< 1 kHz). To see dis-
cernible transient signals, intense optical excitations are typi-
cally needed. We anticipate that high-repetition-rate operation 
at MHz frequencies would allow for high SNR and enable low 
density excitation conditions that will help to answer ques-
tions directly relevant to solar energy materials as excitation 
fluxes will be comparable to solar fluxes (e.g., 1-sun). On the 
other hand, a careful consideration of how the sample relaxes 
before the next optical pulse arrives must be undertaken at 
such repetition rates, usually determined by interfacial phonon 
transport processes into the supporting structure. As e-beam 
and pump spot sizes become smaller, transverse cooling and 
relaxation into directions within the film becomes a second 
viable relaxation pathway. In this way pushing to smaller spot 
sizes may enable extensions to higher rep-rates.

Multimodal characterization systems. It would be powerful 
to combine different optical modalities such as such as time-
resolved photoluminescence and transient absorption with the 
UED. Transient optical and structural signals collected from 
the same area would help to better correlate electronic and 
structural responses under the same experimental conditions 
given the sample position. This can help to unravel spatial 
inhomogeneities such as grains boundaries and interfaces and 
their effect on device performance.

In situ measurements in solar energy devices. The ultimate 
desire is to be able to investigate the material, while it is oper-
ating under the native conditions in a device. Therefore, per-
forming UED in devices or device-like stacked thin films with 
electrical current and/or electric field excitation58 and with 
parallel measurements of electrical conductivity and transport 
would make UED even more powerful in solar energy and 
optoelectronic material studies.
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