mzuriCh ETH Library

Tuning Electron-Phonon
Interactions in Nanocrystals
through Surface Termination

Journal Article

Author(s):
Yazdani, Nuri (); Bozyigit, Deniz; Vuttivorakulchai, Kantawong; Luisier, Mathieu; Infante, lvan; Wood, Vanessa

Publication date:
2018-04-11

Permanent link:
https://doi.org/10.3929/ethz-b-000260954

Rights / license:
In Copyright - Non-Commercial Use Permitted

Originally published in:
Nano Letters 18(4), https://doi.org/10.1021/acs.nanolett.7b04729

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://orcid.org/0000-0001-6593-7601
https://orcid.org/0000-0001-6435-0227
https://doi.org/10.3929/ethz-b-000260954
http://rightsstatements.org/page/InC-NC/1.0/
https://doi.org/10.1021/acs.nanolett.7b04729
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

Tuning Electron-Phonon Interactions in Nanocrystals through
Surface Termination

Nuri Yazdanii, Deniz Bozyigiti, Kantawong Vuttivorakulchaiz, Mathieu Luisier?, Ivan

Infantes, Vanessa Wood*

1 Labratory for Nanoelectronics, Department of Information Technology and Electrical

Engineering, ETH Zurich, CH-8092 Switzerland,

2 Nano TCAD Group, Department of Information Technology and Electrical Engineering,

ETH Zurich, CH-8092 Switzerland

3 Division of Theoretical Chemistry and Amsterdam Center for Multiscale Modeling
(ACMM), Vrije University Amsterdam, De Boelelaan 1083, 1081 HV Amsterdam, The

Netherlands

Nanocrystals, quantum dots, phonons, electron-phonon coupling, thermal broadening, carrier

cooling



Abstract

We perform ab initio molecular dynamics (AIMD) on experimentally-relevant sized lead
sulfide (PbS) nano-crystals (NCs) constructed with thiol or Cl, Br, and I anion surfaces to
determine their vibrational and dynamic electronic structure. We show that electron-phonon
interactions can explain the large thermal broadening and fast carrier cooling rates
experimentally observed in Pb-chalcogenide NCs. Furthermore, our simulations reveal that
electron-phonon interactions are suppressed in halide terminated NCs due to reduction of both
the thermal displacement of surface atoms and the spatial overlap of the charge carriers with
these large atomic vibrations. This work shows how surface engineering — guided by

simulations — can be used to systematically control carrier dynamics.



The efficiency of nanocrystal (NC)-based optical, optoelectronic, and electronic
devices has benefitted tremendously from advances in NC surface chemistry.1,2 High photo-
luminescent quantum yields in NCs are linked to engineering of the NC surface, where
core/shell structures have been useds to optimize radiative rates,4 emission wavelengths,s and
hot carrier cooling rates.e NC-based solar cell performance has been improved with the
evolution of termination strategies to increase charge carrier mobility,7,8 reduce charge carrier
recombination,9 and increase carrier extraction through optimizing inter-NC band alignment. 1o
Recently, it has become clear that the surface of the NC plays an important role in electron-
phonon coupling,i11 which is key to determining their dynamic electronic and optical properties,
including charge transport, non-radiative recombination, homogeneous broadening of optical
transitions, and intra-band carrier relaxation.

Here we perform Ab-Initio Molecular Dynamics (AIMD) and semi-classical stochastic
surface hopping calculations on experimentally relevant sized NCs to investigate phonon-
mediated optical and electronic transitions and how the strength of the electron-phonon
interactions can be tuned through surface engineering of the NC. AIMD generates the nuclear
dynamics of the NC within the adiabatic approximation, while the forces on the nuclei are
calculated at each time step with the electronic structure obtained with density functional theory
(DFT). AIMD thus provides the dynamic adiabatic electronic structure along with the nuclear
trajectories. The phonon spectra of the NCs can be determined from the nuclear dynamics, and
phonon coupling to electronic and optical transitions can be calculated utilizing the dynamic
adiabatic electronic structure. Thermal broadening of optical transitions can be quantified from
the time-dependent state energies, while semi-classical stochastic surface hopping calculations
over the adiabatic energy surfaces mapped out by the AIMD can be employed to simulate

charge carrier dynamics, in particular, the cooling of hot carriers.



We choose to work with lead sulfide (PbS) NC due to the large amount of data on their
electronic and optical properties and their use in a wide variety of bottom-up fabricated opto-
electronic devices.i2 We construct PbS NCs with a radius of r = ~1.2 nm, following the
atomistic model proposed by Zherebetskyy et al.13 (see Supporting Information SI-1). The
NCs consist of Nrb=201 lead atoms, Ns=140 sulfur atoms, and the Pb-rich [111] surfaces are
terminated with ligands. To capture the chemistry of the Pb-S bond present in thiol-terminated
NCs, such as ethane-dithiol (EDT) or 3-mercaptopropionic acid (MPA), which are used for NC
devices,14-16 a methane-thiol (mth) ligand is selected.

We first investigate this thiol-terminated PbS NC. The fully geometrically relaxed NC
is shown in Figure 1a. As expected for an defect-freeNC, no states are found in the bandgap,
and a larger density of states is present in the valence band (3p-S / 6s-Pb character) than in the
conduction band (6p-Pb / 3s-S character), which is consistent with calculations on PbSe NCs.17
The 4-fold degeneracy of the valence band maximum (VBM) and conduction band minimum
(CBM) in bulk-PbS is broken due to inter-valley couplingi7-2o resulting from the [100] facets
of the NCs. The conduction band minimum is singly degenerate (which we label y1e) followed
by triply degenerate states (y2e«) split by 143meV for the PbS/mth NC, while the valence band
maximum is triply degenerate (y1r:) followed by a singly degenerate state (y2n), with a
142meV splitting. We also find that the lowest energy transitions (the three fold degenerate
wihe — wie) are weakly optically coupled, while the higher energy wir — y2eq transitions are
more strongly optically coupled, i.e. responsible for the first absorption peak. This is consistent
with the observation of large difference between the emission and first absorption peak for PbS
NCs.21 Further details about the electronic and optical structure of the NC and of bulk PbS are
given in the Supporting Information SI-2-3.

We perform AIMD simulations over 10-15 ps on the NC at three different temperatures:

0 K, 100 K, and 300 K. Videos showing the time evolution of the atomic positions, the



conduction band minimum wavefunction, and the carrier density in the valence band maximum
over a 1ps time window are provided as Supplemental Movie 1 and 2. In Figure 1b, the time
dependent state energies at 300K are plotted, in which large non-coherent fluctuations are
evident. The strong fluctuations of the carrier densities and state energies, and their increase
with temperature, is a clear indication of the dependence of the electronic structure on the
nuclear coordinates of the NCs, indicative of electron-phonon coupling.

The AIMD and surface hopping calculations enable us to computationally study two
experimentally observed, but until now not fully understood, properties of Pb chalcogenide
NCs - (1) large thermal broadening and (2) fast carrier cooling. We first show that our
simulations provide values that are in good agreement with experiment, and then analyze the
AIMD results to explain the origins of these phenomena.

Large thermal broadening is a typical feature of colloidal NCs,2224with room
temperature linewidths exceeding 10% of the NC bandgap for smaller NCs,2526 While
electron-phonon coupling is expected to play a role in thermal broadening,24,27-29 the large
linewidth in PbS NCs had led to some studies to attribute it to multiple emissive states.26 To
determine the expected thermal broadening from electron-phonon coupling, we consider the
time dependence of lowest energy transition, nominally three-fold degenerate, (indicated by

the arrows in Figure 1b):

E,(t)=E.(t)-E,, ). (1)

A histogram of the Eg values at 10K, 100K, and 300K are shown in Figure 1c. The Eg(?)
distributions broaden and red shift with increasing temperature. From the width of the
distributions, we extract a thermal broadening which increases with temperature from
oez(10K)=13meV to gre(100K)=31meV and o0£¢(300K)=72meV, where o£g corresponds to the
standard deviation of the distributions. The values agree well with recent measurements on

emission spectra of single PbS NCs (65meV < a(r~1.2nm) < 100meV)26 and isotypic PbSe



NCs (o(r~1.4nm)~50meV, o(r~0.95nm)~100meV).2s This indicates that the experimentally
observed linewidths in PbS NCs result primarily from the energy fluctuations of the lowest
energy transition that stems from the nuclear dynamics in NCs. We note that the linewidths
calculated here represent a lower limit. As we show in the Supporting Information SI-2, loss
of the octahedral symmetry of the NC will split the degeneracy of the lowest energy transition,
wiha — wie, resulting in an increased luminescence linewidth.

Recent experimentalii,30-36 and theoretical37-40 work have also indicated that electron-
phonon coupling enables efficient, thermally activated, multi-phonon-mediatedii,30.41
electronic transitions. For lead-chalcogenide NCs, sub-picosecond time constants have been
measured for intra-band carrier cooling.42-44 To investigate carrier cooling driven by multi-
phonon-mediated electronic transitions, we consider the non-adiabatic transition probability

between state i and j, which depends on the non-adiabatic coupling,4s.46
: 0 5
di,j =—ih( v, (t) a Vi ®) ). (2)

This coupling will become large about the avoided crossing between state i and j along the
adiabatic state energy surfaces (refer to Figure 1b for an example). To simulate the carrier
dynamics, we employ semi-classical stochastic surface hopping calculations4s over the
adiabatic energy surfaces mapped out by the AIMD. In particular, we use the fewest switches
surface hopping within the neglect of back reactions approximation (FSSH-NBRA), described
in detail in Ref. 45, employed by Kilina and coworkers in the study of small CdSe and PbSe
clusters.3s47 FSSH-NBRA stochastically generates time dependent state occupation
probabilities, ni(f), by propagating initial state occupations according to the non-adiabatic
transition probabilities of eq. (2), weighted by the Boltzmann factor to maintain detailed
balance.37.4546 From the simulated #ni(f), we calculate the time dependent occupation weighted

density of states,



P(E.t) = n ()5 (E (1) - Ec (1)), (3)

where Ois the Dirac delta function, Ei(?) is the energy of state i at time ¢, and Er(?) is a reference

state energy. In Figure 1d, we plot the dynamics of p(E,f) for an electron relaxing in the
conduction band and a hole relaxing in the valence band, both initially excited to a state with
mean energy ~0.5eV above the band edges. Superimposed on the plot is the trace of the average

carrier energy,

(E(®)) = [ p(E,t)ECE, (4)

along with an exponential fit of the form

(E)) o™, ©)

where 70 is the time constant associated with the excess energy loss of the carrier. For this initial
excited state with mean excess energy of 0.5eV, we find that electrons cool with a time constant
t0,e~825fs, while holes cool significantly faster with a time constant #,e~182fs, corresponding
to initial energy loss rates of 0.6eV/ps and 2.7eV/ps, respectively. These cooling rates are
consistent with recent measurements on isotypic PbSe NCs with 0.54eV/ps and 2.75¢V/ps for
electrons and holes respectivelys344 (see Supporting Information SI-5 for time constants
associated with the build-up of carrier population of holes in the w1« States and electrons in the
wie State).

Additional insight into carrier cooling can be obtained by considering the average

coupling of the carrier to transitions (eq. (2)). To do so, we compute the wavefunction overlap

correlation function, R, ,(z) = <‘<l/li (t)|l//j (t +T)>‘2> , where <...>t represents an averaging
t

over the time trace of the AIMD. The average coupling to a transition can be related to the

time-derivative of the correlation function:



.. 0
(i), :_ma«l//i 0w, (t+r)>>t

E—ih%%[Ri,j(T)—O'Z [(Wi(t)“ﬂj(t+r)>ﬂ1=0 (6)
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where we have defined Rij(t)=<<yi(?)|wj(t+t)>2>: and the last step follows as we find the
variance of <wi(?)|wj(t+7)> to be small (see Supporting Information SI-6). Rather than
considering all possible transitions for a carrier into the conduction band minimum or valence
band maximum, we can focus on the auto-correlation function associated with a carrier in one
of the band extrema, Rii(z), which, due to completeness, is related to the sum of average

couplings to all possible transitions:

10

10 :
N — K =In——0R; 7
;<dlv1>t Ih;z az_ Rl,J(T) L Ihz 62’ RI,I(’Z-) » ( )
We therefore compute:
Regm (7) = <\<l//16 )|y (t+ r)>\2>t :
(8)

R (1) =3 2 (v Ol ) ).

a.p

As the valence band maximum is nominally three-fold degenerate, we evaluate the average

coupling associated with the carrier remaining in one of the yina states. An auto-correlation

function Rij(z) that rapidly deviates from unity implies rapid dephasing of the wavefunction
away from the state i and therefore a strong coupling to transitions to/from state i. Plots of
Rcem(zr) and Rvem(z) are presented in Figure le. Consistent with picture that electronic
transitions to these states are driven by multi-phonon emission, the mean coupling of transitions
from the band extrema increase for both bands with increasing temperature. The results also

indicate stronger coupling of transitions with the valence band maximum compared to the



conduction band minimum, in agreement with the results from the surface hopping calculations
presented above, which showed faster carrier cooling to the valence band maximum than the
conduction band minimum.

To determine which phonon modes in the NC are responsible for the large thermal
broadening and fast carrier cooling, we first compute the phonon density of states, g(w), of the
NC. It can be obtained from the power spectrum of the mass-weighted position correlation
function, ri(t):4s

2
’

g,(0) = mo*|F{r,(0)}

g@)=3g@. ()

where mi is the mass of atom i. Figure 2a shows the total g(w) (black), which is in good
agreement with experimental measurements of the g(w) on thiol terminated PbS NCs using

inelastic neutron scattering.11 We then calculate the power spectral density of the time
2
dependent bandgap, ‘F [Eg(t)}‘ (Figure 2b), and the power spectral density of the

wavefunction overlap autocorrelation functions (eg. (8)), |F [R(r)]|2 (Figure 2c), where F

represents a Fourier transform. A peak in the power spectral density at a specific frequency
indicates that phonons at that frequency actively drive the fluctuations in state energies and
induce thermal broadening or wavefunction dephasing. The power spectral densities all
indicate that electrons couple to both low energy modes (5-40cm-1), below the transverse
acoustic peak (48.8cm-1 for bulk PbS), as well as to high energy optical phonons, (150-250cm-
1). The electron-phonon coupling to two distributions of modes is in agreement with previous
work,11 where it was shown experimentally that large energy multi-phonon-mediated electronic
transitions were driven by both low (25-40cm-1) and high (120-240cm-1) energy phonons.

To determine which atoms in the NCs contribute to the modes coupling to these
processes, we plot the partial g(w) for atoms located in three different regions in the NC (Figure

2d). As we previously reported,11 in the core of the NCs (Region 3), the partial g(w) resembles



that of bulk PbS while deviations from the bulk PbS g(w) arise due to the outer atomic layers
of the NC (Region 1). The low energy phonon modes couple to optical and electronic
transitions and are primarily confined to the outer surface of the NC.

The high frequency modes coupling to transitions to/from the valence band maximum
are localized vibrations of the S atoms on the surface of the NC. A higher hole density on the
surface S atoms in the VBM (~0.20) compared to the CBM (0.06), can then explain the stronger
coupling of these modes to the VBM (see fig. 2¢). The faster hole cooling observed therefore
stems from not only a higher density of states in the VB, but additionally from stronger
coupling to vibrations on the surface of the NC.

These findings highlight that surface atoms play an important role in electron-phonon
coupling and that changing the NC surface could be a practical method to control electron-
phonon interactions in NCs and thereby tune optical properties such as the thermal broadening
and carrier cooling rates. We therefore systematically investigate the influence of surface
termination on electron-phonon coupling by constructing NCs with I, Br, Cl ligands and
repeating the AIMD and stochastic surface hopping calculations described above.

We first compare results of the thiol terminated NC (PbS/mth) with a Cl terminated NC
(PbS/CI). Figure 3a shows that the thermal broadening is reduced in the PbS/C1 NC compared
to the PbS/mth NC, with a ~30% reduction at 300K. This finding is consistent with the decrease
of the thermal broadening upon halide passivation that has been demonstrated
experimentally.2i Likewise, energy loss rates for holes in the valence band is consistently
slower (<1/2x) for the PbS/Cl NC than for the PbS/mth NC (Figure 3b). For electrons in the
CB, cooling rates are significantly slower (<1/4x) for the PbS/Cl NC than the PbS/mth NC in
the case of excitation to states with low initial excess energies (e.g., 0.1 eV-0.2 eV), while, with
excitations to states with large excess energies (> 0.6 €V), the cooling rates are similar for both

the PbS/Cl1 and PbS/mth NC. This implies that carrier cooling at high excess energies in the

10



conduction band is similar in both the PbS/CI and PbS/mth NCs, consistent with bulk-like
cooling rates at high excess energies measured by Spoor ef al. in PbSe,44 while PbS/CI NCs
exhibit comparatively slow electron cooling from the y2e. States to yie (Supporting
Information SI-7).

To demonstrate that the reduced thermal broadening and the slower carrier cooling stem
from reduced electron phonon coupling, we compare the spectral densities of the mth- and CI-
terminated NCs (Figure 3c¢). We find that the reduction in thermal broadening for halide
terminated NCs stems from a significant reduction in coupling to the optical phonon modes, as
well as a reduction in the coupling to the lower energy modes. Integrating the power spectra,

we find an overall reduction of ~50%, consistent with the reduction in extent of thermal

broadening ((1-0.30)2~0.50). Similarly, the plots of |F [R(r)]|2 for the valence band

maximum and conduction band minimum indicate that the slower cooling results from a
decrease in the coupling to both low and high energy modes, with an ~60% decrease in the
integrated power spectra for both.

To understand the origins of the decreased coupling of phonons to optical and electronic
transitions upon halide passivation, we complement the calculations on mth- and Cl-terminated
NCs with calculations on Br and I surface terminated PbS NCs. If we extract the thermal
broadening at 100K for all four surface terminations (o£¢(100K)=31meV for PbS/mth, 27meV
for PbS/I, 26meV for PbS/Br, and 25meV for PbS/Cl), we find that it decreases with increasing

effective electronegativity of the surface termination (Table 1). In Figure 4a, we plot the sum

of the mean coupling constants (—i,?f'a)‘lszij >t for transitions from (or to) the conduction

i#]
band minimum and valence band maximum for all four surface terminations. Again, the

coupling constants decrease with an increase in electronegativity. Both these results indicate a
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decrease in electron-phonon coupling with an increase in effective electronegativity of the ion
or binding group that coordinates the [111] surface.

In order to understand the origin of this decrease in electron-phonon coupling, we
systematically analyze the vibrational and electronic structure of the NCs with the four different
surface terminations. A typical approach to estimate the strength of coupling of phonons to
optical or electronic transitions is to compute the dimensionless Huang-Rhys factor, SHr. The

latter can be approximated by:

S = AxM ><<u2>><(kBT )" x(hw) " xD?, (10)

where A is the unit-less overlap integral of the electronic states with M number of phonon
modes with frequency w, D the deformation potential in (€V/A), and <uw2> is the mean square
thermal displacement of the modes (Az2).49 From expression (10), we expect that a change in
electron-phonon coupling for a specific electronic transition and phonon mode can result from
a change in (1) the number and frequency of available phonons, which would be reflected in a
change in the density of states g(w), (2) the thermal displacement of the atoms contributing to
phonon mode of the given frequency, or (3) the overlap between the electronic wavefunction

and the given vibrational mode.

First, we compare the g(w) for the different NC surface terminations (Supporting
Information SI1-8). All NCs exhibit modes from Pb-atoms that are lower in frequency than TA
peak in bulk PbS, and the small deviations in the g(w) cannot explain the differences in
electron-phonon coupling observed for the different terminations.

However, the second parameter playing a role in electron-phonon coupling, <uz>,
shows systematic changes as a function of the NC surface termination. The <u2> at 100K for
the Pb, S, and halide anion atoms in the three NC regions are plotted in Figure 4b. Values for

Pb and S calculated for bulk PbS are provided for reference (black lines). Three trends are

12



evident. First, the further away a Pb or S atom is from the surface, the smaller its <u2> value.
In the core of the NC (Region 3), the <u2> values for Pb or S are similar to those in bulk PbS.
Second, the <u2> values for the Pb and S atoms at the surface are smaller for PbS NCs with
halide terminations than for the PbS/mth NC. Third, very large <u2> are observed for anions
(S, I, Br, and Cl) on the [111] surface facets. These three observations can be explained by
recalling that atomic displacement is inversely related to the effective spring constant of the

phonon mode, xeff, [Ref. 11]:
(U)=keT Ik (1D)

keff IS associated with the bonding strength between neighboring atoms. Pb and S atoms in the
interior of a NC have a coordination number of 6, while the surface Pb and S atoms on the
[100] facets of the NCs have a coordination number of 5, and surface anions such as S, I, Br,
and Cl on the [111] facets have a coordination numbers of 2 or 3 (ignoring the S-C bonds in
the PbS/mth NC). Thus, larger <uz2> are linked to decreased coordination number.
Furthermore, the large <u2> of the Pb atoms on the outermost [111] facet for PbS/mth NC
compared to halide terminated NCs can be explained by the strength of the bond. The effective
spring constants associated with the Pb-X (X=mth, I, Br, Cl) bonds with the [111] surface
atoms should scale with the percentage ionic character of the bonds,so and the decrease in <uz2>
with the increase in ligand electronegativity is therefore expected (Table 1).

Finally, we consider the overlap between the electronic wavefunction and the given
vibrational mode. In Figure 4c, we plot cross-sections of the electron density for the VBM and
CBM for NCs with the different surface terminations. The extent of electronic confinement
increases with increasing electronegativity of the anion (S, I, Br, Cl), which is also evidenced
by the increasing electronic bandgaps (Table 1). Consistent with previous calculations on Cl-
terminated NCs,s1 the wavefunctions for our halide-terminated NCs are confined away from

the [111] facets. The total carrier density,

13



(12)

2
"

pn,surf. = Z

<i>,o‘

¢n,io-

where i runs over the two outermost atomic layers on the [111] facet, and ¢nic are the
components of the ni wavefunction projected onto the atomic orbitals o of the it atom,
decreases by 40% (0.17—0.10) in the conduction band minimum and 60% (0.27—0.11) in the
valence band maximum by replacing the mth with CI.

We therefore conclude that electron-phonon interactions are reduced in halide
terminated NCs compared to thiol-terminated NCs due to (1) reduction of the mean square
displacement of Pb and S atoms in the NC and (2) confinement of the conduction and valence
band wavefunctions away from the [111] surface where the largest atomic displacement modes
occur. To quantify this, we propose the parameter Auve, which we define as the overlap of the

carrier density with the mean thermal displacement of the atoms:

A=3] ()T

I o

w\} (13)

where i runs over all atoms in the NC. The Aue at 100K for the conduction band minimum and
valence band maximum for the four different surface terminations are tabulated in Table 1.
The Cl-terminated NCs reveal a > 40% reduction in Aue for the band extreme compared with
the mth-terminated NC and values that approach about 90% of the value for bulk PbS.

Lastly, we investigate the impact of carboxylate surface termination, PbS/COO, being
the most common termination for spectroscopic studies of PbS, here we employ acetic acid for
computational efficiency. After a full geometry relaxation of the NC, the ligands bind in either
a bridging or chelating bidentate geometry as expected from NMR studies,s2 as shown in
Figure 5a. The expected thermal broadening at 300K is shown in Figure 5b, and we find the
broadening to between that of PbS/mth and PbS/Cl: 0£g(mth,300K) = 72meV >

0Ez(CO0,300K) = 60meV > o£¢(C1,300K) = 50meV. Plots of the auto-correlation functions,

14



eg. (8), for the PbS/COO at 300K are shown in Figure 5c, along with those for PbS/mth and
PbS/CI for reference. Interestingly, we find the average coupling to the CBM, eq. (7), to be
approximately equal to CI termination, so we can expect electron cooling rates similar to the
those found for CI termination. On the other hand, the average coupling to the VBM s
approximately equal to thiol termination, indicating cooling rates for holes similar to thiol
termination for hydroxylate termination.

In summary, our calculations indicate that strong thermal broadening and fast carrier
cooling observed in lead-chalcogenide NCs are intrinsic effects resulting from strong coupling
of charge carriers and phonons in the NC, particularly modes arising from the surface atoms of
the NCs. While we do not rule out that these processes can be affected by emission from defect
states,26 long range energy transfer to ligand or solvent vibrations,s or energy loss through
Auger processes in highly charged NCs,3436 we find that these additional effects are not
necessary to explain experimental observations in lead-chalcogenide NCs. We have further
demonstrated that the strength of electron phonon coupling can be tuned in the NCs through
engineering of the surface termination. In particular, electron-phonon coupling in NC can be
suppressed by reducing the mean thermal displacement of atoms and the overlap of the
electronic density with atoms having a large thermal displacement. Our findings provide a new

lever of control for these systems for application-specific material optimization.

Methods
Construction of NCs

The approach used for the construction of the NCs investigated in this work is shown
schematically in Figure S1. To construct the NCs, bulk rocksalt PbS (with a Pb or S atom
centered on the origin) is cut along the eight (111) planes and six (100) planes at plane to origin

distances (r) defined by the Wulff ratio Rw

15



Fo0) = AR\N’ 1y = ARN_l- (14)
The scalar A is adjusted such that the resulting NC is S-terminated on the (111) facets. These
(111)-surface terminating S atoms are then replaced with the desired ligand. To obtain an
intrinsic semiconductor NC, overall charge balance must be maintained. This includes
contributions from the ligands and charging of the NC compensated by counter-ions in
solution, 51,53

Ne(cat) -N 0’
2N,, —2Ng +N,V, +N_e=0,

e(an) =

(15)

where Nx refers to the number of Pb or S atoms, ligands (L), or surplus/deficiency of additional
charges (ch), and Vi is the valence of the ligand.

For a range of NC radii (~1nm to ~2nm), taking Rw = 0.82 and using thiol or halide anion
ligands (VL = -1), the charge balance condition (Equation 1.1) is almost satisfied (<t2e). NCs
cut with Rw other than 0.82 require the removal of far more (typically >10) ligands/Pb-ligand-
pairs or strong charging in order to satisfy eq. (15). For the case Rw = 0.82, to fully satisfy eq.
(15), one to two ligands (-) or Pb-ligand-pairs (+) are removed. Alternatively, the NC can
assume to be charged (Nch = +£1/£2). In contrast to the case of ligand removal, with charged

NCs retain octahedral symmetry. All of the NCs studied in this work are charged by +2e.

Simulations

Geometry optimization, electronic structure calculations, and ab initio molecular dynamics
(AIMD) are performed within the CP2K program suite utilizing the quickstep module.s4
Calculations are carried out using a dual basis of localized Gaussians and plane-waves,ss with
a 300Ry plane-wave cutoff. As in previous calculations for CdSess and PbS11 NCs, Double-
Zeta-Valence-Polarization (DZVP),57 Goedecker—Teter—Hutter pseudopotentialsss for core

electrons, and the Perdew—Burke—Ernzerhof (PBE) exchange correlation functional are used

16



for all calculations. Convergence to 10-s in Self-Consistent Field calculations is always
enforced.

For NCs, non-periodic boundary conditions are used, and 4nmx4nmx4nm cubic unit cells
are defined for the r=1.2nm NCs. For bulk PbS calculations, periodic boundary conditions for
the 4x4x4 cubic supercell (512 atoms) are applied, and the supercell dimensions ((6.0115)3A3)
are determined through a cell optimization using a conjugate gradient optimization. Geometry
optimization is performed with the Quickstep module utilizing a Broyden—Fletcher—Goldfarb—
Shannon (BFGS) optimizer. A maximum force of 24 meVA-1 is used as convergence criteria.
All atoms in all systems are relaxed.

AIMD is performed in the canonical ensemble, using a CSVR thermostat, which achieves
canonical sampling through velocity rescaling.ss For thermalization and calibration of the
thermostat, the time constant of the thermostat is set to 15 fs and the AIMD is run for 1ps. The
time constant is then set to 1ps for the remainder of the AIMD. All AIMD steps prior to
equilibration of the total energy and temperature (typically ~2ps) are discarded. AIMD time
steps of 10fs are used for PbS/CI, PbS/I, PbS/Br, and bulk, while 1.5fs time steps are employed
for the PbS/mth NCs due to the high frequency C-H stretching modes on the mth ligands.
AIMD simulations are run for a total of 10-15ps, and all averaged values presented in the
manuscript are averaged over the entire AIMD window, barring the first ~2ps which are
discarded. We post-process the atom trajectories by removing the 6 macroscopic degrees of
freedom (3x translation, 3x rotation) using the Iterative Closest Point algorithm of Besl and
McKay.so

FSSH-NBRA are performed utilizing QMflows-NAMD [https://github.com/SCM-
NV/gqmworks-namd] for computation of the non-adiabatic couplings using the molecular
orbitals (MOs) generated from CP2K. For these calculations, occupied and virtual MOs are

calculated via diagonalization of the Fock matrix generated at each nuclear configuration of

17



the MD trajectory, utilizing the Broyden mixing method,s1 and a convergence of 10-s.
Afterwards, the MOs energies and the non-adiabatic couplings between MOs are printed in a
format readable by the PYXAID package,ss which propagates the carrier dynamics.
Electron/hole dynamics are computed independently from one another, fixing one carrier in the
HOMO/LUMO. All states within 1eV of the band edge for the relevant cooling carrier are
included for each calculation.

We follow the procedure described in our previous workii to compute the phonon band
structure in Figure SI-1 and the density of states shown in Figure 2c. However, in this work we
use a lattice constant value of 6.0115 A, which is found for bulk PbS via cell optimization in

CP2K. More details of the bulk calculations are given in the Supporting Information.
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Internet at http://pubs.acs.org. Bulk PbS phonon bandstructure, electronic bandstructure with
and without SO + HF, more analysis of the electronic fine structure of the PbS NCs, figure
describing NC construction, phonon density of states for the NCs, and captions for the GIF

animations are provided.
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X x(X) IC Pb-X (%) ne[l111] (e-) <uf1117>2 Aue (Aze)
CBM VBM A CBM VBM
mth | 2.45[HUH] 13.5 0.17 0.27 0.044 0.033 0.043
I 2.66 17.9 0.11 0.18 0.035 0.021 0.024
Br 2.96 23.9 0.10 0.14 0.037 0.019 0.021
Cl 3.16 27.6 0.10 0.11 0.035 0.019 0.020

Table 1. Results for the electronic and phononic properties of the NCs with X-surface

terminations. The effective electronegativity of the surface termination X in Pauling units

(x(X)) and the percent ionic character (IC) of the X-Pb bond, computed by the Pauling formula

100(1-exp[-1/4(x(X)- x(Pb))]) are given for reference. The total carrier density (n¢/111] ) on

the outer Pb and X atoms on the [111] facet for both bands, and the mean square thermal

displacement (<u/i177>2 ) at 100K of the same atoms are given. In the last column, the

computed Aue values (eq. (13)) are shown for both bands at 100K.
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Figure 1 Thermal Broadening and Hot Carrier Cooling in PbS/mth Nanocrystal. a)
Atomistic model of a methane thiol-terminated PbS nanocrystal (NC) (PbS/mth) showing
bonding of the thiol to the Pb[111] surface. b) Time dependent energies of conduction band
(CB) and valence band (VB) states at 300K. The dashed circle indicates an avoided crossing
between two states in the CB. c¢) Histograms showing the band gap energy (Eg) for three
different temperatures. d) The density of states of the NC in its nuclear ground state (left). Time
dependence of the occupation-weighted density of states (eq. (3)) for an electron and a hole
initially excited 0.5eV above the CB minimum or below the VB maximum, respectively (right).
e) The wavefunction overlap autocorrelation functions (eq.(8)) for the CB minimum and VB

maximum.
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Figure 2. Phonons in the PbS/mth NC and their Coupling to Optical and Electronic
Transitions a) Phonon density of states (g(w)) (black line) for the NC, along with the partial
g(w) for Pb (brown shading), S (dark yellow shading), and C+H (dashed purple line). b) Power
spectra of Eg(f) at 100K. c) Power spectra of the wavefunction overlap autocorrelation
functions (eq.(8)) for the CB minimum and VB maximum at 300K. d) Three regions of interest
are identified in the NC: the outer Pb and S layer (1), the sub-surface layers (2), and the core
(3). The schematic emphasizes the different terminations on [100] and [111] NC facets. e)
Partial g(w) for Pb (brown line) and S atoms (yellow line) for each of the 3 regions of the NC.

The lower panel displays the g(w) for bulk PbS.
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Figure 3. Reducing Electron-Phonon Coupling with Halide Passivation a) Temperature
dependent thermal broadening for the PbS/mth (red solid square) and PbS/Cl (blue open
square) NCs. Lines between data points are to guide the eye. b) Hot electron (squares) or hole
(circles) hot carrier cooling rates associated with the exponential decay of the average excess
energy (eq. (4)) for the PbS/mth (solid red) and PbS/Cl (open blue) NCs. Shading is added to

guide the eye. c) Power spectra of Eg(¢) at 100K (upper panel) and R(7) (eq.(8)) for the CBM
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and VBM at 300K (lower two panels) for the PbS/C1 NC (solid blue lines) and PbS/mth (dashed

red line).
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Figure 4 Effects of Halide Termination a) Total couplings (eq. (7)) to all transitions away
from the CB minimum (squares) and VB maximum (circles) at 100K for NCs with thiol or
halide terminations. b) Plot of mean square thermal displacement <u2> for Pb (left) and S, I,
Br, and ClI atoms (right) in the three regions defined in Figure 2d. [111] and [100] facets in
Region 1 are plotted separately. The bars represent the range (-c,+c). The thick black lines are
the <u2> calculated for Pb and S from bulk PbS. c,d) Slices through a NC showing the electron
density in the CB minimum state (¢) and the 3-fold degenerate VB maximum states (d) for all
four surface terminations: mth, Cl, Br, and Cl. The total electron density per NC is 1. The
density plotted for the VB maximum is the average of the three-fold degenerate states yinq,

while for the CB minimum it is the density in the lowest singly degenerate state wie. The
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calculated bandgaps of the NCs (indicated) are underestimated as is typical for density

functional theory calculations.
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Figure 5 Carboxylate terminated Nanocrystal. a) Atomistic model of a carboxylate-
terminated PbS nanocrystal (NC) showing bonding configurations (bridging and chelating
bidentate) of the carboxylate to the Pb[111] surface. b) Histograms showing the band gap
energy (Eg) at 300K, histograms for the PbS/mth and PbS/Cl are included for reference. ¢) The
wavefunction overlap autocorrelation functions (eq.(8)) for the CB minimum and VB

maximum at 300K, plots for PbS/mth and PbS/CI are included for reference.
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