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Ultrafast Dynamics of Excited Carriers
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A new and better way to study “hot” carriers in
semiconductors, a major source of efficiency loss in solar
cells, has been developed by scientists at Berkeley Lab.
(Photo by Roy Kaltschmidt)

First Ab Initio Method for Characterizing Hot

Carriers Could Hold the Key to Future Solar

Cell Efficiencies
Science Shorts Lynn Yarris (mailto:lcyarris@lbl.gov) • JULY 17, 2014

    

One of the major road
blocks to the design and
development of new, more
efficient solar cells may
have been cleared.
Researchers with the
Lawrence Berkeley
National Laboratory
(Berkeley Lab) have
developed the first ab initio

method – meaning a
theoretical model free of
adjustable or empirical
parameters – for
characterizing the
properties of “hot carriers”
in semiconductors. Hot
carriers are electrical charge carriers – electrons and holes – with significantly
higher energy than charge carriers at thermal equilibrium.

“Hot carrier thermalization is a major source of efficiency loss in solar cells, but
because of the sub-picosecond time scale and complex physics involved,
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and-Jeff-Neaton.jpg)
(From left) Steve Louie, Marco Bernardi, Jeff Neaton and
Johannes Lischner developed the first ab initio method for
characterizing hot carriers in semiconductors. (Photo by
Roy Kaltschmidt)

characterization of hot carriers has long been a challenge even for the
simplest materials,” says Steven Louie, a theoretical physicist and senior
faculty scientist with Berkeley Lab’s Materials Sciences Division (MSD). “Our
work is the first ab initio calculation of the key quantities of interest for hot
carriers – lifetime, which tells us how long it takes for hot carriers to lose
energy, and the mean free path, which tells us how far the hot carriers can
travel before losing their energy.”

All previous theoretical methods for computing these values required
empirical parameters extracted from transport or optical measurements of
high quality samples, a requirement that among the notable semiconductor
materials has only been achieved for silicon and gallium arsenide. The ab initio

method developed by Louie and Jeff Neaton, Director of the Molecular
Foundry, a U.S. Department of Energy (DOE) Nanoscience User Facility hosted
at Berkeley Lab, working with Marco Bernardi, Derek Vigil-Fowler and Johannes
Lischner, requires no experimental parameters other than the structure of the
material.

“This means that we can
study hot carriers in a variety
of surfaces, nanostructures,
and materials, such as
inorganic and organic
crystals, without relying on
existing experiments,” says
Neaton. “We can even study
materials that have not yet
been synthesized. Since we
can access structures that are
ideal and defect-free with our
methods, we can predict
intrinsic lifetimes and mean
free paths that are hard to
extract from experiments due

to the presence of impurities and defects in real samples. We can also use our
model to directly evaluate the influence of defects and impurities.”

Neaton, like Louie, is a senior MSD faculty scientist with the University of
California (UC) Berkeley. Neaton also holds an appointment with the Kavli
Energy NanoSciences Institute. They are the corresponding authors of a paper
in Physical Review Letters describing this work titled “Ab Initio Study of Hot
Carriers in the First Picosecond after Sunlight Absorption in Silicon
(http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.112.257402).” Bernardi is
the lead author of the paper, and Vigil-Fowler the primary coauthor.
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1) Computational approach 
2) Hot carriers in Silicon and GaAs 
3) Hot carriers from surface plasmons in Au and Ag

Hot Carriers from First Principles

Work with Steve Louie and Jeff Neaton (UC Berkeley)



Hot Carrier Scattering
Two ultrafast (<1ps) mechanisms for hot carriers to lose energy

Electron – phonon scattering Electron – electron scattering
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Workflow for Electron-Phonon Calculation
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Thermalization Loss in Solar Cells
Shockley-Queisser efficiency limit for a single-junction solar cell: ~33%

CB

VB

lack of absorption

H. Atwater,  A. Polman, Nat. Mater. 11, 174 (2012)

hot carrier
thermalization

Two main losses in PV

NATURE MATERIALS | VOL 11 | MARCH 2012 | www.nature.com/naturematerials 177

commentary

can be used to develop spectral splitters and 
integrate them with the subcells to realize 
the planar, optically-in-parallel architecture 
in Fig. 3b. In a further advanced design, the 
subcells can be integrated with dedicated 
photonic structures that enable light 
trapping and angular restriction of emitted 
photons optimized for each subcell, thus 
also mitigating entropy losses in photon-to-
electron conversion described above.

At first sight, the architecture in Fig. 3b 
seems relatively complex, as it involves 
the layer-transfer of multiple ultrathin 
semiconductor slabs, their integration 
with a microphotonic spectrum-
splitting structure, and the realization 
of an electrical interconnection scheme. 
However, similarly complex architectures 
are routinely made today in components 
in optical telecommunication networks, 
where photonic integrated circuits such as 
wavelength-division multiplexers, optical 
splitters, filters and detector arrays are 
fabricated on a single chip. Indeed, in the 
new ultrahigh-efficiency solar-cell design 
proposed here, the solar cell must be seen 
as a complex optical integrated circuit 
that is optimized to convert light from the 
Sun to electricity.

The planar multi-junction design can 
be realized in a practical and scalable way 
using recent advances in the research 
and commercial development of epitaxial 
liftoff 26 and layer-transfer printing 
techniques for thin-film single-crystal 

Si and III–V compound semiconductor 
absorbers (Fig. 4a,b). Indeed, using epitaxial 
liftoff, world-record 1-sun single-junction 
solar-cell efficiencies have been recently 
achieved1; near-record efficiencies have 
been obtained using cells fabricated by 
transfer printing27. Furthermore, we note 
that soft-imprint lithography provides a 
scalable method for the synthesis of low-
cost large-area arrays of nanopatterned 
light directors, light-trapping structures or 
structures with engineered optical density 
of states (Fig. 4c). It is now well established 
that soft-imprint lithography has a deep-
subwavelength resolution, maintained 
over a large area, which is required to 
realize the light-management structures 
described here.

In conclusion, we describe several 
solar-cell architectural features that 
may pave the way towards achieving 
ultrahigh-efficiency photovoltaics. Our 
current work at the DOE Light–Material 
Interactions in Energy Conversion Center 
at CALTECH and the Light Management 
in new Photovoltaics Materials Programme 
at AMOLF is centred on investigation 
of these structures for improved solar-
energy conversion. Whereas much effort 
in the past has focused on materials and 
device design in photovoltaics, we suggest 
that renewed focus on the science and 
technology of nano- and microphotonics 
for light management inside the solar cell 
has considerable potential. The photonic 

architectures described here address several 
distinct entropic and energy losses incurred 
in a conventional solar cell, as summarized 
in Fig. 5. Although many practical 
challenges await, the directions described 
here have considerable potential to enable 
very high photovoltaic efficiencies that have 
previously only been a wish rather than a 
concrete objective. ❐

Albert Polman is in the FOM Institute AMOLF, 
Science Park 104, 1098 XG Amsterdam, the 
Netherlands; Harry A. Atwater  is in the 
California Institute of Technology, Pasadena 
California 91125, USA. 
e-mail: polman@amolf.nl; haa@caltech.edu
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Figure 5 | Thermodynamic losses in solar-energy conversion. The maximum efficiency realized for a 
conventional single-junction solar cell is 28.3% (indicated in green). Dark blue bars indicate entropy-
related losses and light blue bars indicate energy-related losses. The main energy loss is due to 
thermalization and lack of absorption. The solutions to reducing the entropy- and energy-loss problems are 
listed in the right-hand column.
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Silicon
Absorption loss ~20%

Thermalization loss ~25%

33%

95%

Understand ultrafast (sub-ps) loss 
of solar energy from first principles



El-ph scattering dominates thermalization 
El-ph scattering rate ~ electronic DOS

Fast relaxation away from band edge: ~10 fs    
Slower relaxation near the band edge: >100 fs

Hot Carrier Relaxation Times in Silicon
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M. Bernardi et al., Phys. Rev. Lett. 112, 257402 (2014)
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Initial population at t=0 under AM1.5 solar illumination
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⇤100 fs near the band edge for both electrons and holes,
while faster relaxation times of ⇤10 fs are found at en-
ergies more than 0.2 eV away from the band edges. In
the regime of interest under solar illumination � char-
acterized by excitations of up to 3.5�4 eV and low pho-
toexcited carrier concentrations � the relaxation process
is dominated by e-ph interactions with strong k space
dependence, while the e-e interaction results in signif-
icantly smaller self-energies and thus larger relaxation
times. Our calculations indicate that an initial carrier
distribution characteristic of Si under AM1.5 solar illumi-
nation would relax within 350 fs, in agreement with pre-
vious pump-probe measurements. Taken together, our
work sheds light on the subpicosecond hot carrier dy-
namics after sunlight absorption in Si and constitutes a
first step towards ab initio calculations of hot carrier and
excited state dynamics in materials of interest for renew-
able energy.

We carried out ab-initio calculations on a unit cell
of Si with the diamond structure and a lattice param-
eter of 5.4 Å. The electronic structure was computed
within the local density approximation of density func-
tional theory (DFT) using the QUANTUM ESPRESSO
code [18, 19]. Norm-conserving pseudopotentials were
used to describe the core-valence interaction [20], and a
kinetic energy cuto⇥ of 45 Ry was used for the plane-
wave basis set. Lattice-dynamical properties were com-
puted by means of density functional perturbation the-
ory [21]. We employed the EPW code [14] to compute

the imaginary part of the e-ph self-energy Im(�e�ph
n,k )

for the Bloch state at band n and k point in the Bril-
louin zone (BZ), and the associated e-ph relaxation time

�e�ph
n,k = ~/2 · Im(�e�ph

n,k )�1. Briefly, we first computed
electronic and vibrational states and the associated e-ph
matrix elements on 12⇥ 12⇥ 12 k point and 6⇥ 6⇥ 6 q
point grids in the BZ of Si. The quantities needed to eval-
uate the e-ph self-energy were then interpolated on signif-
icantly finer grids of 40⇥40⇥40 k points and 14⇥14⇥14
q points using an interpolation procedure based on Wan-
nier functions as implemented in the EPW code [14].
The fine sampling of the BZ was found to be essential
to convergence the e-ph self-energy. We carried out full-
frequency GW calculations using the Berkeley-GW code
[22] to compute the imaginary part of the e-e self-energy
Im(�e�e

n,k ) for band n and k point of the BZ, and the as-

sociated e-e relaxation time �e�e
n,k = ~/2 · Im(�e�ph

n,k )�1.
Kinetic energy cuto⇥s of 5 Ry and 10 Ry were used, re-
spectively, for the screened and bare Coulomb interac-
tion, and 96 empty bands were used to compute the di-
electric screening and the Green’s function [23]. Finally,
we studied the time-evolution of the occupations fn,k(t)
of the Bloch states at band n and k. At each time t, the
occupations were time-stepped using a 4th order Runge-
Kutta algorithm in combination with the relaxation-time

approximation of the Boltzmann equation:

dfn,k(t)

dt
= �fn,k(t)� fn,k(tth)

�n,k
(1)

where tth is the time for which thermalization is com-
plete, and the relaxation time �n,k was obtained by com-
bining the e-ph and e-e via the Matthiessen rule, yielding
(�n,k)�1 = (�e�e

n,k )�1 + (�e�ph
n,k )�1.

FIG. 1. (a) Imaginary part of the e-ph and e-e self-energies,
compared to the electronic DOS. The Fermi energy corre-
sponds to the zero of the energy axis, and was placed at the
midpoint of the band gap. (b) Relaxation times associated
with the e-ph self-energy alone and with both the e-ph and
e-e self-energies (curve labeled as “total”).

a) k-resolved relaxation times, both electrons and
holes b) k-resolved Mean free paths, both electrons and
holes

Figure 4 : Dynamics: initial occupation and occupa-
tion as a function of time, a) close to band edge and
b) far from edge (could be full page). c) Evolution of
electron/hole densities, N(E) = f(E) * D(E)

Conclusions: In summary, we ...

Boltzmann equation  
for carrier in state n,k
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Experiment: thermalization in ~250–300 fs near CBM  
Model hot carriers and ultrafast spectroscopy
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Hot electron thermalization near the  
conduction band minimum (CBM)

Excellent agreement with
pump-probe experiments
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Hot Electrons in GaAs

the total e-ph scattering rates and thus, the experimental data.
The contributions of individual phonon modes are, thus, am-
biguously determined in the semiempirical approach, because
they are arbitrarily set by the particular choice of the de-
formation potentials. In contrast, individual phonon contribu-
tions are uniquely determined in ab initio calculations.
To carry out a quantitative comparison of the individual

phonon mode contributions with the work by Fischetti and Laux
(13), we attempted to reproduce their calculations by combining
our band structures and phonon dispersions with their de-
formation potential parameters (Methods). The total e-ph scat-
tering rates obtained with this approach agree well with ref. 13,
thus guaranteeing that we correctly reproduced their calculations.
Fig. 2B shows a comparison between this work and ref. 13 of the
e-ph scattering rates from individual phonon modes. Despite the
fact that the total scattering rates are in excellent agreement,
we find that the scattering rates from individual phonon modes
largely differ in the two approaches. Compared with our ab initio
calculations, scattering by longitudinal acoustic (LA) phonons is
largely underestimated, and scattering by LO phonons is largely
overestimated in ref. 13. In addition, scattering by transverse
optical (TO) phonons is slightly underestimated, whereas
scattering by TA phonons is adequately described in ref. 13. The
too-large LO e-ph scattering rates in ref. 13 seem to be compensated

by too-small acoustic scattering rates compared with our calcu-
lations as a consequence of the arbitrary choice of deformation
potential parameters for acoustic phonons. The different LO scat-
tering rates are caused by a key difference between the ab initio
treatment of the e-ph interaction in polar materials and semi-
empirical theories. In the ab initio approach, explicit inclusion of
the Fröhlich Hamiltonian becomes redundant, because it as-
sumes the concept of rigid ions carrying a net charge. Inclusion
of both Fröhlich and nonpolar matrix elements for LO phonons
in semiempirical treatments is clearly ad hoc, because it arbi-
trarily separates the long- and short-range e-ph interactions,
which are taken into account on the same footing in ab initio
calculations. Future work will be necessary to more fully es-
tablish the differences between the ab initio approach based on
DFT adopted here and semiempirical theories for a range of
polar and nonpolar materials.
The main practical challenge to control HC dynamics in devices

is the subpicosecond timescale for HC cooling. This situation has
led to extensive studies with ultrafast pump-probe spectroscopies
to understand the microscopic details of HC cooling. Fig. 3A
shows our computed e-ph relaxation times (defined here as the
inverses of the e-ph scattering rates) for energies up to 1.5 eV. We
find relaxation times of ∼1.5 ps, 200 fs, and 50 fs at energies near
the bottom of the Γ, L, and X valleys, respectively. Within an

Fig. 2. Comparison of ab initio and semiempirical calculations. (A) e-ph scattering rates from all modes in our work vs. those in ref. 13. (B) Contributions of
individual phononmodes to the e-ph scattering rate for ab initio calculations (solid lines) carried out in this work and semiempirical calculations (dashed lines) that
we reproduce using the parameters in ref. 13. The curves shown are the k-averaged scattering rates for (Left) acoustic modes and (Right) optical modes.

Fig. 3. e-ph relaxation times in GaAs. (A) e-ph relaxation times of hot electrons in GaAs. Up to EX, data points shown in yellow originate from electronic
states in the Γ valley, and data points shown in green originate from states at the bottom of the L valley. At energies above EX, states in red and blue are
located near the X and L valleys, respectively. (B) Schematic of the states and valleys giving rise to the e-ph scattering rates in A.
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Semi-empirical 

Ab initio phonon and bandstructure calculations 
Compute ~50 trillion el-ph matrix elements 
No adjustable parameters in the calculation

M. Fischetti, et al. Phys. Rev. B 38, 9721 (1988)
Multiple parameters for el-ph coupling (deformation potentials)

M. Bernardi et al., PNAS 112, 5291(2015)



GaAs – Mode Contributions 

Acoustic modes dominate hot electron scattering (not LO!) 

LO strongest among optical modes

Acoustic Optical

M. Bernardi et al., PNAS 112, 5291(2015)



the total e-ph scattering rates and thus, the experimental data.
The contributions of individual phonon modes are, thus, am-
biguously determined in the semiempirical approach, because
they are arbitrarily set by the particular choice of the de-
formation potentials. In contrast, individual phonon contribu-
tions are uniquely determined in ab initio calculations.
To carry out a quantitative comparison of the individual

phonon mode contributions with the work by Fischetti and Laux
(13), we attempted to reproduce their calculations by combining
our band structures and phonon dispersions with their de-
formation potential parameters (Methods). The total e-ph scat-
tering rates obtained with this approach agree well with ref. 13,
thus guaranteeing that we correctly reproduced their calculations.
Fig. 2B shows a comparison between this work and ref. 13 of the
e-ph scattering rates from individual phonon modes. Despite the
fact that the total scattering rates are in excellent agreement,
we find that the scattering rates from individual phonon modes
largely differ in the two approaches. Compared with our ab initio
calculations, scattering by longitudinal acoustic (LA) phonons is
largely underestimated, and scattering by LO phonons is largely
overestimated in ref. 13. In addition, scattering by transverse
optical (TO) phonons is slightly underestimated, whereas
scattering by TA phonons is adequately described in ref. 13. The
too-large LO e-ph scattering rates in ref. 13 seem to be compensated

by too-small acoustic scattering rates compared with our calcu-
lations as a consequence of the arbitrary choice of deformation
potential parameters for acoustic phonons. The different LO scat-
tering rates are caused by a key difference between the ab initio
treatment of the e-ph interaction in polar materials and semi-
empirical theories. In the ab initio approach, explicit inclusion of
the Fröhlich Hamiltonian becomes redundant, because it as-
sumes the concept of rigid ions carrying a net charge. Inclusion
of both Fröhlich and nonpolar matrix elements for LO phonons
in semiempirical treatments is clearly ad hoc, because it arbi-
trarily separates the long- and short-range e-ph interactions,
which are taken into account on the same footing in ab initio
calculations. Future work will be necessary to more fully es-
tablish the differences between the ab initio approach based on
DFT adopted here and semiempirical theories for a range of
polar and nonpolar materials.
The main practical challenge to control HC dynamics in devices

is the subpicosecond timescale for HC cooling. This situation has
led to extensive studies with ultrafast pump-probe spectroscopies
to understand the microscopic details of HC cooling. Fig. 3A
shows our computed e-ph relaxation times (defined here as the
inverses of the e-ph scattering rates) for energies up to 1.5 eV. We
find relaxation times of ∼1.5 ps, 200 fs, and 50 fs at energies near
the bottom of the Γ, L, and X valleys, respectively. Within an

Fig. 2. Comparison of ab initio and semiempirical calculations. (A) e-ph scattering rates from all modes in our work vs. those in ref. 13. (B) Contributions of
individual phononmodes to the e-ph scattering rate for ab initio calculations (solid lines) carried out in this work and semiempirical calculations (dashed lines) that
we reproduce using the parameters in ref. 13. The curves shown are the k-averaged scattering rates for (Left) acoustic modes and (Right) optical modes.

Fig. 3. e-ph relaxation times in GaAs. (A) e-ph relaxation times of hot electrons in GaAs. Up to EX, data points shown in yellow originate from electronic
states in the Γ valley, and data points shown in green originate from states at the bottom of the L valley. At energies above EX, states in red and blue are
located near the X and L valleys, respectively. (B) Schematic of the states and valleys giving rise to the e-ph scattering rates in A.
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GaAs – Mode Contributions Comparison
Where did the “old” (semiempirical) calculations go wrong?

M. Bernardi et al., PNAS 112, 5291(2015)

Ab initio
Semiempirical



Hot Electron Thermalization in GaAs
Conduction band of GaAs

Experiment: pump with 2 eV light yields three  
time decay signals: ~40 fs,  ~200 fs,  1.5 ps

Young, et al. Phys. Rev. B 50, 2208 (1994)

Excellent agreement with
pump-probe experiments

EX

EL Each valley sampled with 2003 k-grid

CBM

Help resolve a long-standing
controversy on HCs in GaAs

M. Bernardi et al., PNAS 112, 5291(2015)



hν
electron

hole

Dielectric

Metal
SPP

phonon

M. Bernardi et al., Nature Communications 6, 7044 (2015)

Surface Plasmon Polariton (SPP)-to-Hot Carrier 
Conversion in Noble Metals

1) Hot carrier generation and energy distribution in Au & Ag 

2) Ultrafast hot carrier transport – mean free path, relaxation time 

3) Ideal regime to extract hot carriers



d  states

s states

Noble Metals Bandstructure

The relative energies of d and s states are crucial  
in the generation and transport of hot carriers (need GW)

EINT
Fermi energy



Hot Carrier Generation
Energy and momentum conserving transitions generate hot carriers  

with a distribution of energies (in a probabilistic sense)

Similar population distributions for Ag qp
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Hot Carrier Mean Free Path

Volcano shape due to strong scattering at E>2 eV away from Fermi energy 
s holes ~isotropic, s electrons and d holes anisotropic, consistent with experiments

a

M. Blanco-Rey, et al., Phys. Rev. Lett. 108, 115902 (2012)

b
d states

d states

M. Bernardi et al., Nature Communications 6, 7044 (2015)



Optimization of Hot Carrier Extraction
Two regimes for SPP-to-hot carrier conversion: intraband vs. interband 

SPP with E < EINT can be tuned to generate HCs with ~2 eV energy & 20-40 nm MFPs

En
er

gy

Fermi 
energy

Strong SPP damping 
Short-lived d holes

d states

s states

Long-lived s electrons & holes 
E up to 2 eV, 20–40 nm MFPs

Interband (d – s) Intraband (s – s)

Silver may be better than gold for hot carriers from SPPs

M. Bernardi et al., Nature Communications 6, 7044 (2015)



Application to Carrier Transport 

  

Fermi Surface Plots

Copper
Lifetimes Band VelocitiesCu

  

Fermi Surface Plots

Silver
Lifetimes Band VelocitiesAg

  

Fermi Surface Plots

Gold
Lifetimes Band VelocitiesAu

Can predict resistivity within 10% of experiment 
Can be applied to metals, semiconductors, insulators
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Jamal Mustafa, M. Bernardi, S.G. Louie (to be submitted)

Conductivity

“… The conduction electrons are a nuisance in metals” J. M. Ziman, 1964



Summary

Carrier dynamics and scattering by electrons and phonons 

Design hot carrier devices and experiments 

Microscopic understanding of time-resolved experiments 

Perturbation theory is promising for excited state timescales 

Non-equilibrium theories necessary for coherent / driven dynamics

E-mail: bmarco@civet.berkeley.edu
Web: www.bernardilab.com


