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The absorption of photons through the direct generation
of spatially separated excitons at dot-ligand interfaces is
proposed as a promising strategy for tailoring the opti-
cal gap of small silicon quantum dots independent of their
size. This removes a primary drawback for the use of very
small dots in broad range of applications. For instance,
the strategy can be applied to solar energy technologies
to align the absorption of such dots with the peak of the
solar spectrum. The key is to establish both a Type-II en-
ergy level alignment and a strong electronic coupling be-
tween the dot and ligand. Our first principles analysis in-
dicates that connecting conjugated organic ligands to sili-
con quantum dots using vinyl connectivity can satisfy both
requirements. For a prototype assembly of 2.6 nm dots,
we predict that triphenylamine termination will result in
a 0.47 eV redshift along with an enhanced near-edge ab-
sorption character. Robustness analyses of the influence of
oxidation on absorption and of extra alkyl ligands reveal
that the control of both factors is important in practical
applications.

Introduction

Colloidal semiconductor quantum dots (QDs) have received
significant attention for applications in light emission,! op-
tical computing,” photovoltaics,? and biomedical imaging,
sensing and treatments*© because of their unique properties.
These include tunable absorption and emission spectra, so-
lution processability, multiple exciton generation,” and slow

cooling rate of hot carriers.® Most of the QDs currently ex-

1 Electronic Supplementary Information (ESI) available: Transitions related
to low-energy absorption, sensitivity test on configuration and ligand density,
wave function distributions in oxidized dot, and comparisons of optical prop-
erties to previous experiments.
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plored, though, are based on metal chalcogenide semiconduc-
tors that use toxic elements such as cadmium and/or lead—
a severe drawback for the applications described above.’ In
contrast, recent achievements in the synthesis, processing and
purification of environmentally benign silicon-based quantum
dots (SiQDs) make their use much more promising going for-
ward. 1
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Fig. 1 Schematics of (a) traditional passivation schemes with a
Type-I energy level alignment between the dot and the ligand, and a
Si-C-C connection; and (b) our proposed scheme with a Type-II
interface and a Si-C=C conjugating connection. The blue and pink
solid lines indicate the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) localization,
respectively. The corresponding energy level alignment in each case
is illustrated in the middle of each panel, and the green arrows notify
the transitions associated with the low-energy absorption. For each
situation, the absorption spectrum is scratched on the right to
illustrate the match to the solar spectrum (Air Mass 1.5 from the
website of American Society for Testing and Materials).

However, there are challenges associated with a silicon-
based paradigm as well: dangling bond defects tend have a
deleterious effect on the optical performance of silicon quan-
tum dots (SiQDs); ! the dots tend to agglomerate in solution;
assemblies of SiQDs have extremely poor carrier mobility; !>
and dot designs must contend with the fact that the band edge
absorption of bulk silicon is low because of its indirect charac-
ter. Within the setting of solar energy harvesting, SiQD-based
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photovoltaic (PV) devices that have been created as hybrid
SiQD/organic polymer blends'!:13-15 and SiQD/bulk hetero-
junction tandem solar cells '®!8 have efficiencies that are quite
low?.

Many of these issues can be addressed by focusing on small
SiQDs. Dangling bond defects can be essentially eliminated
by making the dots sufficiently small,'® and the absorption
cross-section of sufficiently small dots is dramatically en-
hanced via a pseudo-direct optical transition.?*22 These call
for SiQDs on the order of 1-4 nm.?* This size regime has
other advantages as well. SiQDs of this size transport ex-
citons more efficiently?! resist oxidation better,?> use their
slice of the solar spectrum more efficiently?*, show greater
promise in multiple-exciton generation and hot carrier collec-
tion paradigms, > and have a higher excitonic coupling for the
same surface-to-surface separation. !

Unfortunately, SiQDs of this size have optical gaps in the
range of 2-3 eV (600-400 nm)—poorly matched to the solar
spectrum?® and missing the important low-optical and IR re-
gions for light emission applications. In addition, the associ-
ated exciton binding energies are too high to result in room
temperature dissociation of charge carriers for photo-electric
applications. Because of their high surface-to-volume ratio,
though, it may be possible to functionalize their surfaces so as
to remedy these drawbacks. Surface functionalization might
also be used to improve carrier mobility and processability.

Capping of SiQDs is most commonly in the form of alkyl
chains that help with solubility and protect against oxida-
tion. 1027 This results in a Type-I energy level alignment be-
tween the dot and the ligand with a large band offset, wherein
both the HOMO and the LUMO are localized inside the core
of the dot. Photon energies on the order of 3 eV are then re-
quired to produce excitons in the smallest SiQDs. A number
of other capping groups have been considered, though, such as
diols and epoxides?®, amine-terminated alkyls?°, and conju-
gating vinyl (Si-C=C) connections >!**32_ The resulting mix-
ing of dot and ligand orbitals can induce a substantial increase
in the oscillator strength.

In some instances, there has also been a report of a redshift
in absorption and emission spectra®!?8-32 but these may well
originate from the creation of new surface states, the change
of dot energy levels due to surface treatment, and the transi-
tion between ligand and dot orbitals?!. This is further compli-
cated by the substantial impact of surface defects on absorp-
tion and emission spectra. In fact, the inevitable oxidation,
in form of Si-O-Si, Si-OH, and Si=O structures, may cause
both redshifts and blueshifts of SiQD spectra with depending
on dot size and oxidation level. 33336 Moreover, the dot syn-
thesis technique employed in some cases results in structures
that have yet to be fully characterized.?’ These issues moti-
vated Atkins et al. to carry out a femtosecond transient ab-
sorption experiment in which the aminopropenyl-terminated

SiQDs show photoexcited carrier dynamics between the QDs
and ligand—strong evidence for the existence of the charge
transfer states3°. However, their SiQDs were synthesized in
aqueous solution, and even mild oxidation would change the
localization of the wave function causing a noticeable redshift
of the spectra.?"-?° Furthermore, it is not clear how the aque-
ous solvents with high dielectric constants contribute to the
distinct characteristics of SiQDs with various passivations33.
In general, the Type-I energy level alignment still sets the
lower bound of the optical gap which is close to that of the
hydrogen-passivated dot.

To help clarify the origin of the redshift and to help design
passivation schemes to facilitate better absorption, ab initio
simulations have been applied to SiQDs with various termi-
nations 32, Consistent with experiments, their results sug-
gest that alkene and alkyne chains change the optical gap only
slightly 3! while indicating that a low-level oxidation could
cause noticeable redshift in spectra®>#. Interestingly, it was
found that the HOMO and LUMO of passivated SiQDs can
be localized on the ligand and dot, respectively, for dots with
diameters d < 1.5 nm*1:42:40,

In contrast to these studies of involving common terminat-
ing groups, our efforts have focused on an explicit design strat-
egy to enable the direct generation of spatially separated exci-
tons at the interface between the core of the dot and its surface
ligands (Fig. 1). As long as the coupling between the core and
the terminating shell is sufficiently large, photons with ener-
gies much lower than the intrinsic band gaps of both the dot
and the ligand can be absorbed to excite electrons from the
HOMO, localized on the ligands, to the LUMO localized on
the dot. In fact, this concept has been successfully applied to
the core/shell nanocrystals. In that setting, Type-II architec-
tures exhibit new absorption features in the range below the
core energy gap as well as much lower charge recombination
rates compared to their Type-I counterparts. 47—+

The ability to generate partially separated excitons at Type-
II interfaces suggests a new means of tailoring the optical gap
associated with the HOMO of the ligand and the LUMO of
the dot. To be useful, though, such capping must also result in
large optical transition matrix elements between the unoccu-
pied orbitals localized on the dot and the occupied orbitals lo-
calized on the ligand, endowing the system with a high absorp-
tion cross-section. Small, functionalized dots meeting both re-
quirements would better match the solar spectrum while sup-
porting strong absorption near the absorption edge. This has
motivated our computational investigation to design a practi-
cal passivation strategy for SiQD assemblies that are promis-
ing for improving optical absorption and large-scale manufac-
turing. We demonstrate that meeting two conditions is suffi-
cient to result in materials with efficient light harvesting based
on spatially separated excitons:

2| Faraday Discuss., [year], [voll,-8

This journal is © The Royal Society of Chemistry [year]

Page 2 of 8



Page 3 of 8

Physical Chemistry Chemical Physics

o a Type-II energy level alignment

e conjugating vinyl bond (Si-C=C) connection between
ligands and SiQDs

Computational Methods

All electronic structure calculations were carried out using
density functional theory (DFT) within the generalized gra-
dient approximation (GGA) for exchange and correlation as
parameterized by Perdew, Burke, and Ernzerhof.>° For passi-
vated dots with d < 2 nm (Sip1;), the structures were restricted
to the D, symmetry and relaxed until all atomic forces were
less than 0.002 Ha/A. For dots with diameters greater than 2
nm, we have found that the geometry optimization from the
bulk structures has negligible impact on electronic structures.
Thus only the interface configurations were relaxed.

The ASCF method was employed to obtain quasi-particle
HOMO and LUMO energy levels. For dots with d < 20.5
A (Sip7sHi72), an all-electron approach implemented in the
DMOL package>! was used, employing a double numeric plus
polarization (DNP) basis along with an hexadecapole expan-
sion to specify the maximum angular momentum function.>!.
The dielectric effect of the solvent was accounted for explic-
itly by the Conductor-like screening model (COSMO)>2. For
dots larger than Sip;sHj72, the DFT calculations were per-
formed using the SIESTA package® with norm-conserving
Troullier-Martins pseudopotentials>*.

Brus et al. have proved that for sufficiently large quantum
dots with radius R and dielectric constant €, embedded in the
environment with dielectric constant €1, the ionization poten-
tial (IP) and the electron affinity (EA) can be approximated
by 55

2.2 2
E(g1,&,R) ~ % + S—RP’(el,ez) +g(e1,8), (1)
where m* is the effective mass of electron or hole. Small dots
often have irregular shapes, and thus the number of Si atoms
N is a preferable quantity to the radius as a measure of dot
size, which has a close correlation to the solvent effect. Con-
sequently, available data can be fit to the following equation,

E(e1,&2,N) —E(0,82,N) ~ f(&1,82)N "3+ h(e1,22), (2)

where E(g€1,€0/€2,N) are the IP or EA of the dot with N
atoms. P', g, f, h are functions of dielectric constant, while in-
dependent to the dot size. Once the values of f(gj,€;) and
h(e;,e2) were determined, the solvent effect for large dots
could be extrapolated.

The finite-difference method in real space with a norm-
conserving pseudo potential, implemented in Parsec pack-
age,”® was used to calculate absorption spectrum. The grid

spacing was 0.25 A, and the boundary radius was examined
to ensure that the wave function vanished outside the sphere
shell. Time-dependent DFT (TDDFT) calculations were sub-
sequently carried out within the local adiabatic approximation
(TDLDA)>7 as implemented in the RGWBS suite of codes.>®

Without consideration of phonon-assistance, the photolu-
minescence (PL) rate at room temperature was calculated via
Fermi’s golden rule: %0

2
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Here p(s) is the room-temperature Boltzmann occupation, Mj
is the dipole matrix element between excitonic state s and the
ground state computed using the MX code®!, and f; is the
local field factor defined as>%-%?
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In addition, €4o¢ and €y, are the effective dielectric constants
of the SiQD and the solvent, respectively. €4,4 Was taken to be
1.3 for the 1.7 nm dot as obtained in a previous, accurate cal-
culation,® while those for 2.6 and 3.1 nm dots were estimated
to be 8.3 and 8.8 using the generalized Penn’s model: ®3

g —1

&R =14+ 5 (R)

®)
Here o0 = 6.9 A, and [ = 1.37 A.

To justify that our computational methodology does cap-
ture the essential factors to qualitatively predict the optical
properties of SiQDs, we reproduced the substantial redshift
of PL and absorption spectra observed in styryl (Phe) and
(trimethylsilyl)vinyl (TMS) capped SiQDs with respect to the
octyl (Oct) capped SiQDs.2! In addition, our computed PL
lifetimes agree reasonably well with previous experimental
data20-41:9.64-66 " Details on these checks, along with other
relevant analyses, can be found in the Supporting Information.

Results and Discussion

A hydrogen passivated, 1.7 nm diameter SiQD (Sij47H100)
was analyzed under five conditions in order to elucidate our
basic design premise. The absorption spectrum was calcu-
lated for the original dot and after modification with two types
of molecules. As shown in Fig. 2 (right), 1-butene (C4Hg)
has a Type-I energy level alignment relative to the dot while
4-vinyl-N,N-bis(4-methoxyphenyl)aniline (MeO-TPA) offers
a Type-II alignment. In the second case, the desired type-II
energy level alignment was achieved by adding two methoxyl
groups to triphenyl amine in order to raise the HOMO. Both
molecules can be attached with either C-C or C=C connec-
tivity, and absorption data was generated for each of these

This journal is © The Royal Society of Chemistry [year]
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four possibilities. A Type-I interface with the Si-C=C connec-
tions (Fig. 2(e)) only slightly increases absorption in the high-
energy range and has a negligible influence in the low-energy
range (Fig. 2(a)). In contrast, when a Type-II energy level
alignment is formed with the Si-C-C connectivity, additional
absorption peaks emerge inside the optical gap of the dot, but
their intensities are very low due to the small overlap between
the HOMO and the LUMO wave functions (Fig. 2(d)). Strong
absorption in the low energy range occurs only when a Type-II
interface is formed with the Si-C=C connections (Fig. 2(c))—
i.e. both design rules need to be enforced. The generality of
these rules is verified by similar observations on another lig-
and candidate CgH 9N, S (Supporting Information, Fig. S14).

Optical properties were next considered as a function of dot
diameter, d, with MeO-TPA functionalization. As quantified
in Fig. 3(a), the transition from Type-II to Type-I alignment
occurs at d ~ 5.5 nm, so MeO-TPA is a good prototypical
functionalizer for this study. Moreover, the calculated absorp-
tion spectra of MeO-TPA-treated SiQDs show a strong absorp-
tion cross-section for d = 1.7, 2.6 and 3.1 nm, as summarized
in Fig. 3(d-f). Although the redshift decreases with increasing
dot size, the absorption intensity near the absorption edge is
still significantly enhanced for even the largest dots.

The 2.6 nm SiQDs are in the middle of the range studied
and are of a size that can be easily synthesized. Functionaliza-
tion of them with four MeO-TPA ligands resulted in a 0.47 eV
redshift of the optical gap (based on the PL peak), and a 0.94
eV redshift of the first strong absorption peak (Fig. 3(e)). The
analysis shows that, while the peaks below 2 eV should be as-
cribed to the excitation from the HOMO of the MeO-TPA to a
range of unoccupied orbitals of the dot, the peaks above 2 eV
have three contributions: the spatially separated exciton; the
intensified transition from deep occupied to unoccupied levels
of the dot; and the excitation on the ligand itself (Fig. 3(b, c)).

Additional analysis of these 2.6 nm dots indicates that the
absorption spectrum is not sensitive to the position and orien-
tation of the MeO-TPAs and that the absorption strength peak
increases with MeO-TPA coverage. (Supporting Information,
Section II)

The calculated PL rates were found to increase remarkably
with MeO-TPA functionalization for all dot sizes considered
(Table 1). Although these rates are almost certainly underesti-
mated due to the neglect of the phonon-assistance, ® the trend
is expected to be reasonable because of the large oscillator
strength associated with the spatially separated exciton. For-
tunately, such comparatively rapid PL will not affect energy
conversion since it is still much slower than the subsequent
charge separation and transport in the presence of a Type-II in-
terface. Indeed, consistent with experiment, 1 our calculated
charge separation rate is as high as 4.0x10'2 s~! in assem-
blies of perfect H-capped SiQDs blended with P3HT®’, only
slightly decreasing to 2.3x10'? s~! as a result of MeO-TPA

functionalization.

Table 1 PL lifetimes (seconds) of Sij47, Siges and Siggg with only
H-termination and with 4 MeO-TPA molecules.

No MeO-TPA With MeO-TPA
Sija7Hi00 1.2 x 10~* 6.5 x 107°
Sies 1.1 x 103 40 x 107
Sigag 2.3 x 1073 14 x 10~*

Robustness with Respect to Contamination

The above results suggest that, in principle, MeO-TPA cap-
ping should significantly redshift the optical absorption of
small SiQDs while also improving their absorption cross-
section. To be useful in practice, though, these properties must
be robust in the face of inevitable oxidation and the introduc-
tion of other types of ligands often added to improve process-
ability.

The effect of oxidation was quantified by gradually increas-
ing the coverage of oxidized backbonds from 0% to 74% at
the outmost shell of Sisg5 both with and without four MeO-
TPA ligands (Fig. 4(a)). As shown in Fig. 4(b), without
MeO-TPA, the optical gap of the dot tends to decrease with
increasing oxygen (O) density, consistent with previous calcu-
lations.**=#3. The fluctuations shown are due to a sensitivity
to insertion sites. In contrast, the optical gap of MeO-TPA-
capped dots at first goes down with increasing O density, drop-
ping by as much as 0.3 eV, and then increases back to and even
slightly above that of the unoxidized dots. This is because, re-
gardless of the O level, the HOMO and LUMO are localized
on the dot without MeO-TPA while they become localized on
the MeO-TPA and dot separately when that ligand is added
(Fig. 4(a)). Additional analysis is provided in the Support-
ing Information, where Figs. S5 and S6 summarize distinc-
tive trends associated with frontier orbital localization. With-
out MeO-TPA, the HOMO spreads to the dot surface while
the LUMO first expands and then shrinks into the core with
increasing oxidation. With MeO-TPA, though, the HOMO
and LUMO do not change significantly until two-thirds of the
backbonds are oxidized.

Oxidation modifies not only the optical gap of the MeO-
TPA-capped SiQD (up to 0.3 eV for the Siggs dot) but also the
absorption spectrum. Fig. 4(c) shows that absorption intensity
first increases until about 40% oxidation and then decreases
with further severity of oxidation. When less than 40% sur-
face backbonds are oxidized, the absorption of the MeO-TPA-
capped SiQDs are much stronger than that of the dots without
MeO-TPA, and that of the oxidized dots are much stronger
than that of the oxygen-free dots, as demonstrated in 4(d).
However, if the oxidation coverage is above 65%, the con-
tribution of spatially separated exciton to the absorption will
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Fig. 2 (a) Calculated absorption spectra of bare Sij47, 4 MeO-TPA on Sij47 with C=C connections, 4 MeO-TPA on Sij47 with C-C
connectivity and 4 C4H7 on Sij47 with C=C connectivity. (b) Structure of the MeO-TPA molecule. The dot-ligand interfaces of Sij47 capped
by: (c) 4 MeO-TPA with C=C connectivity, (d) 4 MeO-TPA with C-C connectivity and (e) 4 1-butenes along with HOMO (blue) and LUMO
(purple). The light blue ellipses highlight the relevant C=C and C-C bonds. The values of the isosurfaces are 0.007 A3/2in panel (c-e). (f)
Energy level alignment between Si47, C4Hg and MeO-TPA in eV.
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Fig. 3 (a) Energy level alignment between SiQDs of different sizes and MeO-TPA in dichloromethane solvent (¢ = 9.08). The dashed green
line denotes the transition from a Type-II to a Type-I interface. (b) HOMO (blue) and LUMO (purple) of Sises capped by 4 MeO-TPA ligands.
Isosurfaces are 0.009 A—3/2, (c) Ilustration of absorption (upward blue arrows) and emission (downward red arrows) on H-passivated and
MeO-TPA-functionalized dots. Comparison of the influences of MeO-TPA ligand on absorption spectra of SiQD with different sizes from (d)
Sij47 (1.7 nm) to (e) Siges (2.6 nm) to (f) Sigsg (3.1 nm). The predicted redshift of photoluminescence (PL) and absorption (ABS) peaks are
shown in unit of eV.
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Fig. 4 (a) HOMO (blue) and LUMO (purple) isosurfaces of Siggs with 41% of surface backbonds oxidized without (left) and with (right)
MeO-TPA. Isosurfaces are 0.009 A=3/2. (b) The optical gaps of H-passivated Siggs and MeO-TPA-functionalized Siggs with surface backbond
oxidation ranging from 0% to 74%. (c) Absorption spectra of MeO-TPA-functionalized Sisg5 for several oxidation levels. (d) Absorption
spectra of MeO-TPA-functionalized Siggs With 41% backbond oxidation compared to that without the MeO-TPA and that without oxygen.

be mostly quenched. Such tolerance of the optical properties
to oxidation should allow experimental verification of the effi-
cacy of MeO-TPA functionalization under realistic laboratory
environments.

In regard to the charge dynamics, we find that oxidation
changes the PL lifetime significantly, consistent with previ-
ous experimental work,® and its impact fluctuates with de-
fect density due to wavefunction localization. Take the 1.7 nm
SiQD as an example. While the PL lifetime decreases by a
factor of 3.2, with 12% backbond sites oxidized, the lifetime
increases by a factor of 2.5 when the defect density increases
to 60%. The above influence, though, is not expected to affect
the charge separation rate which is typically much higher.

Another type of contamination is alkyl chains, which are
typically added to improve the solubility of dots. It has been
reported that these ligands cause very little change in optical
properties of the dot (near the absorption/emission edges) irre-
spective of chain length and ligand density, although HOMO
and LUMO levels of the capped dots are shifted upward signif-
icantly.3**! For the MeO-TPA-capped dots, though, the alkyl
chains could change the absorption near edge more signifi-
cantly because the gap of the spatially separated exciton relies
on the LUMO of the dot and the HOMO of the MeO-TPA, and
the latter is nearly fixed. Our calculations suggest that, with

50% of the surface covered with methyl, the increase of the
near-edge absorption intensity relative to that of H-terminated
dots is preserved. However, a reduction in the optical gap at-
tributed to the MeO-TPA ligand is totally offset by the increase
of the LUMO level due to the presence of methyl (Supporting
Information, Fig. S7). Because of this, the alkyl termination
should be minimized or replaced by other functional groups.

Conclusions

The optical properties of small silicon quantum dots can be
significantly red-shifted through the use of carefully chosen
organic ligands. This has the potential to solve a long-running
problem associated with small SiQDs—that their optical gaps
are too high for many technological applications. A design
strategy was proposed with two criteria: (1) a Type-II energy
level alignment must exist between dot and functionalizing
ligand; and (2) conjugating vinyl bond connectivity needs to
be created between the dot and ligand to enhance the absorp-
tion cross-section. In concert with the traditional method of
tuning optical gaps using the relationship between quantum
confinement and dot size, the new strategy allows an addi-
tional degree of design freedom to exploit the novel properties
of small SiQDs.
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A proof-of-concept was established for a prototype system
consisting of a 2.6 nm SiQD functionalized by MeO-TPA lig-
ands. The result was a 0.47 eV redshift in optical gap along
with a substantial enhancement of the absorption intensity
near the edge.

While strong absorption has been previously achieved by
Type-II core-shell quantum dots, it is difficult to move car-
riers localized within the cores out to electrodes. The pro-
posed functionalization scheme could solve this problem, be-
cause the sparse ligand layer allows dots to be connected using
bridging molecules so as to enhance the electron coupling be-
tween adjacent dots. *
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