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Hot Carriers in Silicon Solar Cells Hot Electrons in GaAs

Generation and relaxation of hot carriers 
from surface plasmons in noble metals

Understand excited (“hot”) carriers in materials: 

•  Energy distribution vs. time

•  Timescale (10–100 fs) for energy loss

•  Transport and mean free paths

Ultrafast Dynamics of Excited Carriers 

Carrier Transport from First Principles

Fast (10 fs) away from band edge!
Slower (100 fs) near the band edge!

Excellent agreement with experiment: !
thermalization in 250–300 fs near CBM!

Hot carrier relaxation time!

Si!

Hot carrier mean free path!

Mean free paths ~5–10 nm in Si!
Anisotropy: [100] most favorable!

Highlight of the DOE-BES, press articles by LBNL and several journals and websites

Reference: M. Bernardi, D. Vigil-Fowler, C.S. Ong, J.B. Neaton, S.G. Louie, PNAS 112, 5291 (2015)

Compute ~50 trillion el-ph matrix elements!
No adjustable parameters in the calculation!

Semiempirical: Multiple parameters for el-ph coupling!

Reference: M. Bernardi, J. Mustafa, J.B. Neaton, S.G. Louie, Nature Commun. 6, 7044 (2015)

Energy and momentum conserving transitions induced by surface plasmon polaritons !
(SPPs) generate hot carriers with a distribution of energies (in a probabilistic sense)!
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M. Blanco-Rey, et al., Phys. Rev. Lett. 108, 115902 (2012)
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Results for Au, Ag and Cu show similar trends!

Electron-phonon (el-ph) scattering controls the resistivity of metals at room temperature!
Using importance sampling, we map the el-ph relaxation times (RT) on the Fermi surface!

Typical ab initio calculations combine DFT bands with the RT as a parameter!
Using GW and ab initio el-ph RTs, we can predict the resistivity of noble metals within 10% of exp.!

3

FIG. 1. Plot of the transport lifetimes and band velocities on the Fermi surface. Top panels show the lifetimes and bottom

panels show band velocities.

Copper Silver Gold

FIG. 2. Convergence of the resistivity calculated using a

uniform sampling of the Brillouin zone compared to directly

sampling k-points on the Fermi surface.

Resistivity (μOhm cm)! Regular grid!
Our sampling scheme!

Faster convergence!Accuracy!
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band velocities are calculated by taking taking k-space
derivatives of the Hamiltonian in the Wannier represen-
tation [? ]. All matrix elements are evaluated using
the LDA wavefunction since their overlap is very close
to the GW wavefunctions. The interpolation of the elec-
tronic and phononic band structures and the electron-
phonon interaction matrix elements has been performed
using the EPW code [? ]. [we may need a discussion

of finite temperature e↵ects on the quasiparticle

band structure]

In order to have an (e↵ective) ultra-fine sampling of
the Brillouin zone, we sample k-points directly on the
Fermi surface. The Fermi surfaces are determined using
the tetrahedron method [? ? ? ? ], which determines
isosurfaces of the band structure as a collection of trian-
gular facets [? ? ]. The k-points on the Fermi surface
are determined as the centroid of these triangular facets.
This “importance sampling” allows us to converge the re-
sistivity using ⇡10,000 k-points, equivalent to a uniform
sampling of 108 k-points (see Fig. 2).

Carrier transport lifetimes and velocities are calculated
for k-points on the Fermi surface and are shown in Fig. 1.
There is a lot of variation in the lifetimes, with shorter
lifetimes near the “necks” at the L point and bulges to-
wards the X point and longer lifetimes at the “dips”
along the <110> direction. The band velocities for cop-
per and gold vary quite a bit over the Fermi surface as
well, with smaller values at the necks. Silver, on the
other hand, have a relatively constant velocity over the
Fermi surface (except smaller at the necks), indicative of
the fact that it has a Fermi surface that is more spheri-
cal [? ] due the d-bands being lower in energy relative to
the Fermi surface as compared to copper and silver. It is
interesting to note that the lifetimes are larger(smaller)
where velocities are smaller(larger) in the dip and bulge
regions. Therefore, the mean-free-paths of carriers, and
consequently the transport properties, in copper and gold
is due the interplay of the variation of the lifetimes and
velocities over the Fermi surface. While, for silver, the
lifetimes govern transport to a greater degree.

Calculated resistivities within a variety of approxima-
tions are given in Table ??, along with Fermi surface
averaged lifetimes and band velocities. Additionally, we
give experimentally derived values that have been deter-
mined at 298 K. We find values that di↵er from experi-

ment by . 10%. The discrepancies can be explained in
terms of the error in the quasiparticle energies obtained
via the GW method which has an accuracy of energies
to within 0.1 eV. Additionally, the experimental values
were obtained from polycrystalline samples which are ex-
pected to have larger resistivities due to scattering from
grain boundaries. In the case of copper, resistivity mea-
surements on single crystal wires [? ] show a ⇡ 10% re-
duction. Expecting similar reductions for silver and gold,
the smaller values of resistivity we find will compare more
favorably with single crystal results. [not sure how to

TABLE I. RESULTS

⌧ (fs) v (108 cm/s)

h⌧nki ⌧D hvnki vD
Cu 32 25 1.19 1.57

Ag 26 37 1.55 1.38

Au 22 1.54 1.39

TABLE II. RESULTS

Calculated Experimental

⌧nk h⌧nki ⌧D DFT+⌧D SC PC

Cu 1.57 1.59 1.76 1.52 1.74

Ag 1.99 2.00 2.08 1.49 1.68

Au 1.95 1.96 2.49 2.26

make this claim...]

In conclusion, we have applied a Wannier-Fourier in-
terpolation technique to determine band energies and ve-
locities and relaxation times on ultra-fine grids in the first
Brillouin zone. Full k resolved lifetimes are necessary to
compute transport properties in noble metals. For com-
putational e�ciency, we have developed a methodology
that makes use of importance sampling to determine car-
rier properties directly on the Fermi surface.
This work was supported by National Science Foun-

dation Grant No. DMR10-1006184 and by the Director,
O�ce of Science, O�ce of Basic Energy Sciences, Materi-
als Sciences and Engineering Division, U.S. Department
of Energy under Contract No. DE-AC02-05CH11231.
Computational resources have been provided by DOE at
Lawrence Berkeley National Laboratory’s NERSC facil-
ity.

Calculated! Experimental!
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GW+ab initio RT!

SC = single crystal  PC = polycrystalline!

Application to photocatalysis with hot carriers!

IBM semiempirical!

Relaxation times on !
the Fermi surface!

SciDAC Program: Scalable Computational Tools for Discovery and Design – Excited State Phenomena in Energy Materials

DFT + Wannier electron-phonon approach! Ab initio GW method!

Reference: J. Mustafa, M. Bernardi, J.B. Neaton, S.G. Louie, Submitted.
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Codes: Quantum ESPRESSO, BerkeleyGW, EPW. We used in-house modified versions!


