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We report efficient triplet exciton phosphorescence quenching from a
Langmuir—Blodgett monolayer of a modified rhenium(i) fac-tricarbonyl
bipyridine complex on the surface of crystalline silicon substrates indi-
cating energy transfer. We monitor the luminescence quenching using
phosphorescence lifetime imaging microscopy (PLIM) measurements as
a function of distance of the monolayer to the silicon surface and have
fitted the experimental phosphorescence lifetimes to a classical optical
model. Our results show up to 95% phosphorescence quenching when
the monolayer is close to the silicon surface (~2 nm) indicative of
efficient triplet resonance energy transfer from the rhenium monolayer
to the silicon substrate. We believe this to be the first report of triplet
sensitisation of silicon as a function of distance by a metal complex, and
the most efficient triplet phosphorescence quenching from silicon
reported to date.

The photosensitisation of crystalline silicon (c-Si) via excitons
has been postulated as a method of exciting c-Si through
excited-state resonance energy transfer from molecules close
to the silicon surface."™ Dexter” postulated that non-radiative
energy (not electron) transfer from an organic monolayer at the
surface of a semiconductor can generate electron-hole pairs in
the latter. The mechanism can be approximated to a near-field
dipole-dipole interaction similar to Forster resonance energy
transfer (FRET). A distance proximity (0-5 nm) between the
organic absorbing monolayer and the semiconductor surface is
usually required for the direct generation of electron-hole pairs
via FRET. A similar mechanism is utilized in light-harvesting
in photosynthesis, and we can thus envisage an ultra-thin
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(~1 pm) c-Si solar cell substituting the photosynthetic reaction
centre and being sensitised by light-harvesting structures without
loss in overall efficiencies, in effect splitting the photovoltaic
process into two separate steps.5

Previous studies, involving evaporated dye layers,® quantum
dots,”® Langmuir Blodgett (LB) monolayers,”* and dye-loaded
zeolites,'” have verified this sensitisation through fluorescence
quenching of the excited state as a function of distance to the
silicon surface. Significant fluorescence quenching is observed
as the excited state emitters approach the silicon surface
confirming efficient FRET. All these studies postulate that the
presence of luminescence quenching is indicative of efficient
energy transfer. The distance dependent emission intensities or
lifetimes are fitted to a damping oscillating dipole model as a
function of distance to the silicon surface developed for similar
fluorescence quenching experiments carried out for molecular
dye layers deposited on metal substrates.™

Most studies have focused on singlet excited states: to our
knowledge, there has not been a study of distance dependence
of a triplet metal complex emitter near the surface of silicon
(previous studies of triplet states involved singlet fission rather
than triplet emitting metal complexes)."**® The longer exciton
diffusion lengths usually observed from triplet excitons can
photosensitise silicon and increase the efficiency of light-
harvesting. The triplet exciton energy transfer observed can
be augmented by recent advances in singlet fission'*® and
triplet-triplet annihilation'®™" and structures can be deposited
on ultra-thin ¢-Si p/n junctions and potentially achieve efficien-
cies greater than the detailed balance single-junction Shockley-
Queisser limit** (33%) in addition to significant savings of the
expensive semiconductor material.

We report phosphorescence lifetime imaging microscopy
(PLIM) measurements for a rhenium fac-tricarbonyl bipyridine
complex appended with a sixteen-carbon chain (ReC16) depos-
ited as an LB monolayer on a c-Si substrate as a function of
distance (2-250 nm). We fit our results to a modified classical
model™® for molecular luminescence near the surface of silicon,
showing significant exciton phosphorescence quenching
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(a) Schematic of the fabrication of the ReC16 LB monolayer deposited on silicon or fused silica substrates. (b) Pressure—area isotherm of ReC16

is shown in the figure inset. (c) Normalised absorption (black) and emission

spectra from Re-C18 in solution (blue) (CHCls) and deposited as monolayer (red) on a glass substrate.

(up to 95%) indicative of efficient triplet energy transfer from
the ReC16 monolayer at close distance to the silicon surface
(<5 nm).

The ReC16 tricarbonyl complex was synthesized according
to a previous report (Fig. S1, ESIt) and has proven to be an
excellent triplet emitter for biological imaging.** Fig. 1a shows
a schematic of the deposited ReC16 monolayer assembly on
fused silica or c-Si wafer substrates. The distance from the
ReC16 layer to the silicon substrates is controlled by varying the
number of monolayers of stearic acid (SA) deposited. For larger
distances, thermal oxide grown silicon substrates were used
and all multilayer thicknesses were measured with spectro-
scopic ellipsometry (Fig. S8, ESIT). The fused silica substrates
are first covered with six layers of SA monolayers to avoid any
unwanted quenching from the glass surface. After the deposi-
tion of ReC16 monolayer two or three layers of SA are added to
ensure protection of the ReC16 monolayer from oxygen
quenching and prevent chromophore aggregation.

Fig. 1b shows the ReC16 pressure-area isotherm measured
after an annealing 10 isotherm cycle (Fig. S2, ESI{). The curve
shows the condensed region with surface pressure >20 mN m ™"
and a collapse pressure of ~40 mN m ' resulting in a stable
monolayer at the air-water interface. The shape of the isotherm
agrees with previous pressure-area isotherms observed for
similar rhenium complexes.>* The molecular area is estimated
by extrapolating the condensed region to zero surface pressure
(95 A*> molecule™) and is close to the calculated value (74 A%
for a cross-sectional area (Fig. S3, ESIT). This confirms a near
flat orientation of the Re moiety with the pyridine alkyl chain
pointing away from the air-water interface in agreement with
previous observations.>®

Fig. 1c depicts the normalised absorption/emission spectra
for the ReC16 complex in solution (CHCL;) and in LB films
deposited on a fused silica substrate. The absorption spectrum
shows the low-energy (dn(Re) — =n*) metal-to-ligand charge
transfer (MLCT) transition (~375 nm) together with the high-
energy direct excitation of the bipyridine ligand (1 — =n*)
transitions and do not show any shift from the LB film
absorption (Fig. S4, ESIT). After excitation, there is a very fast
intersystem crossing generating the triplet state which decays
to the ground state via triplet emission. The emission spec-
trum from the solution and the LB monolayer shows similar
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behaviour with a slight blue shift observed in the LB monolayer
spectra and an observed maximum at ~535 nm (see also
Fig. S5, ESIT). This blue shift is attributed to the different
polarities of the lipophilic LB film and the more polarised
chloroform solution. The excited state has charge transfer
character and so is significantly more polar than the ground
state. Thus it is stabilised by polar environments, and conver-
sely its energy is raised in less polar media, giving the observed
blue shift.”®

Phosphorescence lifetime decay curves were obtained from
both solution and the ReC16 monolayer deposited on fused
silica substrates. The decay curves show triplet quenching from
the presence of oxygen and subsequent freeze, pump and thaw
cycles increase the triplet lifetime of the ReC16 in chloroform
solution to approximately 450 ns. (Fig, S6, ESIt). The observed
phosphorescence decay lifetime from the ReC16 monolayer is
over 1000 ns with the presence of SA capping layers. We have
used this lifetime as the unquenched lifetime of the emitter in
calculations and fitting.

Fig. 2 shows the steady state emission spectra of the ReC16
monolayer deposited close to the silicon surface. There is
significant phosphorescence quenching observed for the
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Fig. 2 Steady state emission spectra of ReC16 monolayer on a fused silica
substrate (red) and as a function of distance with SA (1L — 2.2 nm) spacers
on the silicon surface with native oxide present (~2 nm). The excitation
wavelength was 405 nm.
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emission of ReC16 as the monolayer approaches the surface of
silicon. The unquenched emission from the ReC16 deposited
on fused silica substrate is shown as a reference together with
the background emission from a bare silicon substrate (blank).
Due to the low quantum yield of ReC16 (~ 0.1%)>® we approach
the limit of our instrument detection and the emission of the
monolayer is completely quenched at a distance of approxi-
mately 2 nm from the surface of silicon. To improve the
detection sensitivity, we used phosphorescence confocal micro-
scopy and obtained PLIM images of the monolayers on the
surface of silicon as a function of distance.

Fig. 3 shows examples of PLIM images and the overall
measured decay curves from a monolayer on glass and at
various distances on silicon surfaces. We observe the formation
of regular holes or dark states (~5-10 pm) from the self-
organization of the ReC16 molecules on the surface of silicon.
The highly ordered structure of the ReC16 monolayer with
apparent holes in a honeycomb-like network of emissive mate-
rial is assigned to the need for the polar head groups, i.e., the
complex and counterion (tetrafluoroborate) to pack in a low
energy manner in the 2D plane orthogonal to the chains
forming the monolayer. This is discussed in more detail in
ESIT (Section 6).

The overall decay curves are fitted to a two or three expo-
nential model and the measured phosphorescence lifetime, 74
normalised to the unquenched phosphorescence lifetime, 7,
obtained from a ReC16 monolayer deposited on fused silica
substrates. We carried out these measurements for a distance
range of 2-250 nm and fitted the lifetimes to a classical optical
model developed by Chance, Prock and Silbey (CPS)."* In
keeping with CPS, we use the value of 7, for transitions
originating from the triplet state.

Fig. 4 shows a plot of the normalised lifetime as a function
of distance of the ReC16 monolayer to the silicon surface. We
fit the measured lifetime ratios to a modified CPS model. The
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Fig. 3 Examples of PLIM scans and corresponding decay curves from a
ReC16 monolayer on (a) glass and (b)—(d) silicon substrates observed at
different distances to the surface. Scale bars are all 10 um for all figures.
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Fig. 4 Normalised phosphorescence lifetime versus distance for the
ReC16 monolayer deposited on c-Si. Experimental points are fitted to a
modified Chance—-Prock-Silbey (CPS, full line) theory with a parallel dipole
(S) orientation with QY = 75%.

best fit is obtained for an emitter with a parallel (S) transition
dipole moment orientation on the surface of silicon (Fig. S9,
ESIt). At distances beyond 50 nm in the far field region, we
observe the anticipated oscillations resulting from interference
effects between the emitted light and the light reflected from
the silicon surface. The CPS model fit aligns well with the
experimental data in the far field region, indicating an ade-
quate agreement between the two. However, our focus lies in
the region near the silicon surface, specifically within distances
less than 30 nm, where a notable decrease in the experimental
phosphorescence lifetime is observed.

In our previous work,>”*® we investigated the quenching of
molecular fluorescence through singlet emission and discov-
ered the presence of ‘photon tunnelling’ within a specific range
of 50 nm to 10 nm. This phenomenon was observed during the
optical excitation of single crystalline silicon modes, induced
by the fluorescence of dye monolayers. Earlier findings on
singlet fluorescence quenching provided evidence for the exis-
tence of this optical coupling, attributed to the evanescent wave
of the excited state. In our current study, we observe a reduction
in the phosphorescence lifetime at distances below 30 nm. This
optical mechanism injects energy via the evanescent field onto
c-Si states that are otherwise forbidden from direct excitation
by Snell’s law.

As the ReC16 monolayer approaches closer to the silicon
surface, we observe efficient phosphorescence quenching
occurring for distances less than 10 nm. The experimental data
fits well to a Forster-type energy transfer model, confirming
that the mechanism of energy transfer is similar to a dipole-
dipole non-radiative interaction. Although carrier generation
could not be detected (see Section 9, ESIt), we observe an
overall 95% phosphorescence quenching rate when the ReC16
monolayer is deposited 2 nm away from the surface. However,
the presence of a native oxide layer (~2 nm) on the silicon
substrate prevents further proximity between the monolayer
and the surface. Our work on c-Si surface chemistry has recently
demonstrated the direct attachment of dyes on the surface of

This journal is © The Royal Society of Chemistry 2024
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silicon at distances less than 1 nm exhibiting over 90% fluores-
cence quenching efficiencies.>?® Further work is underway to
remove the oxide and covalently attach rhenium complexes on
the surface to c-Si in a similar fashion.

Overall, we observe a strong quantitative agreement between
the measured lifetime ratios and the model without the need of
additional fitting parameters but using only the quantum yield
(QY) of the ReC16 monolayer. We obtain reasonable fits with a
QY value of 75%, a reasonable value for transitions originating
from the triplet state in accordance with the CPS model."
A more detailed discussion of this point is available in ESI{
(Section 9).

The demonstration of efficient exciton triplet phosphores-
cence quenching from a monolayer of ReC16 on the surface of
silicon is important due to its implications for the observed
efficiency of triplet energy transfer to c-Si. For efficient solar
energy conversion, singlet fission, whereby one high energy
singlet state generates two triplet states of approximately half
the energy, is of great current interest as it potentially allows
greater than the single junction limit solar cell efficiencies for
silicon. However, the efficiency of such transfer from other systems
has been much lower’>*" and indeed recent reports®*** failed to
realise this goal, highlighting the significance of this work in
generating triplet excitons and studying their interaction with c-
Si. Our proposal can be used as a model test bed for studying a
simpler system to understand how triplets generated by singlet
fission could potentially sensitise c-Si.

The phosphorescence of an LB monolayer from a rhenium
complex was studied using PLIM on the surface of crystalline
silicon substrates for distances between 2-250 nm to estimate
the degree of quenching of phosphorescence emission. It was
found that up to 95% quenching is observed as the monolayer
approaches the surface of silicon indicative of efficient triplet
energy transfer. This is the first time that triplet phosphores-
cence quenching is observed from organometallic complexes as
a function of distance on the surface of silicon providing
valuable additional information for the potential triplet excited
states have to offer in silicon photosensitisation.
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