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Silicon photosensitisation via energy transfer frommolecular dye layers is a promising area

of research for excitonic silicon photovoltaics. We present the synthesis and photophysical

characterisation of vinyl and allyl terminated Si(111) surfaces decorated with perylene

molecules. The functionalised silicon surfaces together with Langmuir–Blodgett (LB)

films based on perylene derivatives were studied using a wide range of steady-state and

time resolved spectroscopic techniques. Fluorescence lifetime quenching experiments

performed on the perylene modified monolayers revealed energy transfer efficiencies to

silicon of up to 90 per cent. We present a simple model to account for the near field

interaction of a dipole emitter with the silicon surface and distinguish between the ‘true’

FRET region (<5 nm) and a different process, photon tunnelling, occurring for distances

between 10–50 nm. The requirements for a future ultra-thin crystalline solar cell

paradigm include efficient surface passivation and keeping a close distance between the

emitter dipole and the surface. These are discussed in the context of existing limitations

and questions raised about the finer details of the emitter–silicon interaction.
Introduction

Silicon photovoltaics (PV) dominate the world PV market with a global share of
90% and over 500 GW accumulated worldwide PV installations, and this domi-
nance is likely to continue.1,2 Being an indirect semiconductor, however, thick
wafers are needed to ensure optimum sunlight absorption. This has an effect on
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the cost of production, with wafer costs comprising up to 30% of the nal PV
module cost.3 An attractive route to minimise the use of silicon is enhancing the
excitation rate of electron–hole pairs by photosensitisation.

Photosensitisation of silicon has been postulated as a method to excite silicon
via energy transfer from molecules close to the surface of the silicon.4–7 This
process results in the production of electron–hole pairs via non-radiative energy
(rather than electron) transfer. Originally proposed by Dexter,5 the process can be
thought of as a near-eld dipole–dipole interaction akin to Förster resonance
energy transfer (FRET), between an excited molecule and the silicon substrate in
close proximity (�0–2 nm). The result of this interaction, is the direct generation
of electron–hole pairs. Since the molecular excited state is localised, the process
can by-pass the momentum selection rule at the root of the indirect band gap of
silicon, turning silicon effectively into a direct-gap material and reducing the
amount by up to 2 orders of magnitude. Indeed, by employing a similar approach
to that found in light harvesting antenna in photosynthesis, we can envisage an
ultra-thin nanostructured silicon solar cell photosensitised by light harvesting
units without overall efficiency loss.6,8 In this approach, the photovoltaic process
is divided into two independent steps: an absorption/energy collection step
carried out by the molecular light harvesting structure, and the charge generation
step carried out by a thin silicon p/n junction. Each step can be optimised
independently, resulting in a compact converter with minimum material
requirements.

There have been experimental studies that looked at the interactions of
excited states close to the surface of silicon to verify the presence of excited state
energy transfer (FRET). The majority of these studies investigated the uores-
cence quenching of the excited state as a function of distance to the silicon
surface. A signicant amount of quenching is observed as the excited state
approaches closer to the silicon surface using evaporated dye layers,9–11

quantum dots,12–14 Langmuir–Blodgett (LB) monolayers,15–18 and dye loaded
zeolites.19 The distance dependent data can be explained in terms of a simple
damping oscillating dipole placed at a certain distance on the surface of the
silicon, which is similar to uorescence quenching near metal substrates.20–23

We discuss the physics in some detail in the modelling section. We believe that
only at distances less than about 5 nm can classical FRET be observed.24

Furthermore, efficiencies in excess of the single junction Shockley–Queisser
limit can be achieved, with recent advances in singlet ssion25–27 and triplet–
triplet annihilation.28–30

The chemical modication of Si(111) surfaces has emerged as an area of
intense research activity in the past three decades7,31–33 that could provide solu-
tions for different applications in optoelectronics.34 The Si surface chemistry of
interest produces oxide free surfaces with stable monolayers of molecules that are
directly bonded on the Si surface (Si–C bond). Such surfaces can be generated
from hydrogen terminated Si(111) surfaces routinely produced from wet chem-
istry.35 A simple two-step chlorination/alkylation reaction36 can give rise to an
oxide free, well passivated surface that can be further functionalised with suitable
chromophores while protecting the surface from oxidation.

In this work we used a chlorination/alkylation reaction to produce three types
of oxide free silicon surfaces consisting of a methylated silicon surface (Si-Me),
a vinyl silicon surface (Si-Vinyl) and an allyl silicon surface (Si-Allyl) and
406 | Faraday Discuss., 2020, 222, 405–423This journal is © The Royal Society of Chemistry 2020
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characterised them using XPS and FT-IR. We examined their passivation prop-
erties by measuring silicon uorescence and lifetime decay to indicate the quality
of the alkyl monolayer on the silicon surface. Further functionalisation of the Si-
Vinyl and Si-Allyl surfaces via a Heck coupling reaction with a perylene derivative
resulted in a controlled emitter to silicon surface distance in the ‘true’ FRET
regime (<2 nm). The functionalised silicon surfaces were studied with time-
resolved uorescence confocal microscopy in order to estimate the lifetime
quenching of the perylene dyes. The near eld region was extended in the 2–4 nm
distance range with the deposition of LB monolayers of suitable perylene deriv-
atives. We observed uorescence quenching of up to 90% from the anchored
perylene molecules for <1 nm distances, which is indicative of efficient energy
transfer to silicon. We modelled our results using a modication of an earlier
model for dipole emitters near metallic surfaces.21
Modelling
Dipole emission near a silicon interface

An excited molecule can lose its energy in two ways when close to an interface:
radiative energy transfer and non-radiative energy transfer. In their original
paper,21 Chance, Prock and Silbey (CPS) modelled the lifetime of an excited
molecule near the interface between two media based on a forced damped
oscillator and the complex dielectric constant of the media. The theory was able to
t and explain a series of experiments20,37 based on the LB deposition technique38

of how the lifetime of an emitter can be modied by the presence of gold, silver
and copper surfaces. An excited uorescent molecule can be modelled as an
electric dipole, which can emit electromagnetic radiation not only in the far eld
but also in the near eld. The CPS theory can be modied to model uorescence
near semiconductor surfaces instead of metals via the complex dielectric constant
although it raises questions about the role of the imaginary component of the
dielectric constant for a low absorbing indirect semiconductor such as silicon. In
the following, we will outline the main ndings of the CPS theory and how it can
be modied to describe the effect of an indirect semiconductor surface on the
excited state lifetime of an emitter.

The interaction between the molecular dipole and silicon is characterised by
the dipole–silicon distance. When the distance between the dipole and silicon is
larger than the wavelength of light, the uorescence lifetime of the dipole
oscillates periodically with the variation of the dipole–silicon distance. At this
distance range, the main mechanism is light interference of the far eld radia-
tion of the source wave emitted by the dipole and the reected wave from the
silicon surface.

When the dipole–silicon distance is brought closer and is less than the
wavelength of light, the near eld radiation of the dipole starts to couple to the
trapped modes in silicon, mediated by the evanescent waves propagating along
the surface. We named this process photon tunnelling,39 a process similar to
quantum tunnelling through a potential barrier, which is induced by total
internal reection for our case. We estimate that for an emitter–silicon distance of
30 nm, up to 70% of emitted photons from a dye molecule are injected into the
waveguide mode in silicon via tunnelling.39 This tunnelling process is especially
This journal is © The Royal Society of Chemistry 2020Faraday Discuss., 2020, 222, 405–423 | 407
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useful when silicon is in the form of a thin lm (<1 mm), for which surface
texturing is not feasible.

When the distance is just a few nanometres, an electron–hole pair could be
directly excited in the silicon by the proximate molecular dipole. This process is
similar to Förster’s resonance energy transfer process between molecules.40
Calculation of the damping rates

For the system shown in Fig. 1, the CPS theory gives the uorescence damping
rate (inverse uorescence lifetime) as follows:�
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where u ¼ kp/k1 represents the normalised in-plane wavenumber, and k1 is the
wavenumber of light in the emitting matrix of the molecule. The three power
dissipation regions of dipole emission could be calculated separately by setting
the integral interval of eqn (1) or (2) in the related regions, as shown in Table 1.

This method was rst applied to dipole emission near a metal surface by Ford
& Weber.41 By using this method, we arrived at the model curves plotted in Fig. 2a
tted to experimental uorescence lifetime quenching results from a cyanine dye
LB monolayer mixed with stearic acid.

The far eld model was rst given by Drexhage.37 For photon tunnelling, we
did a quantum mechanical calculation for the case that silicon is in the form of
a 25 nm thick waveguide,39 although evaluating the integral in the photon
Fig. 1 Schematic of a dipole emission near a surface used in the calculation of the
fluorescence damping rates.
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Table 1 The integral interval for different regions

Far eld kp < k1 u < 1
Photon tunnelling k1 < kp < kSi 1 < u < kSi/k1
FRET kp > kSi u > kSi/k1

Fig. 2 (a) Fluorescence damping rate of a mixed dye LB monolayer vs. distance to bulk
silicon (after ref. 39). (b) Normalised fluorescence lifetime of various chain length diol
linked protoporphyrin silicon surfaces (after ref. 24).
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tunnelling region yields similar results. For the FRET region, recent results using
protoporphyrin IX molecules anchored to the silicon surface demonstrate effi-
cient energy transfer with a t to an inverse cubic law and an estimated Förster
radius of 2.7 nm, Fig. 2b.24
Experimental
Synthesis of dibromo benzoic perylene diimide (Di-Br-Pe)

Using a modied literature procedure42 a mixture of 0.5 g (1.27 mmol) of 3,4,9,10-
perylene tetracarboxylic dianhydride, 0.433 g (3.18 mmol) of 4-bromoaniline, 20 g
of imidazole and 0.1 g (0.456 mmol) of zinc acetate was heated at 100 �C for 2 h.
The resulting mixture was further heated at 140 �C for 20 h under a nitrogen
atmosphere (ESI, Fig. S1a†). The mixture was cooled to room temperature and
acidied with 100 mL of 2 M hydrochloric acid with stirring for 20 minutes. The
precipitate was collected by ltration and washed with copious amounts of water
and methanol to remove impurities. The precipitate was nally dried under
vacuum at 100 �C for 24 hours. Elemental analysis and the reaction scheme can be
found in the ESI.†
Synthesis of bis(n-decylimido)perylene (PTCD-C10)

To perylene-3,4,9,10-tetracarboxylic dianhydride (100 mg, 0.26 mmol) in a boiling
tube, decylamine (200 mL, 157 mg, 1 mmol) was added and thoroughly mixed (ESI,
Fig. S1b†). The mixture was slowly heated with a heat gun until steam began to
evolve. The mixture was heated, maintaining a steady evolution of gas, until the
resulting red/brown residue became viscous. Following cooling, the boiling tube
was broken open and the residue was extracted repeatedly into boiling
This journal is © The Royal Society of Chemistry 2020Faraday Discuss., 2020, 222, 405–423 | 409

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9fd00095j


Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 1
2 

N
ov

em
ba

 2
01

9.
 D

ow
nl

oa
de

d 
on

 2
/2

1/
20

26
 7

:3
7:

32
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
chloroform. The combined chloroform extracts were ltered to remove broken
glass and then concentrated under vacuum to around 10 mL and the product was
collected by ltration to give a red powder (104 mg, 0.16 mmol, 59%). Elemental
and NMR analysis can be found in the ESI.†

Synthesis of functionalised silicon surfaces

All solvents used in the silicon surface chemistry were anhydrous, stored in
a glove box under nitrogen and used as received from Merck. The silicon
substrates (10 � 10 mm squares, oat zone, n-type, 25 U cm�1, 500 mm thickness)
were polished on both sides and cleaned in Decon 90, acetone, and isopropanol
followed by exposure to UV light in a UV Ozone system on each side for 20 min at
60 �C. They were then placed in a solution of hydrogen peroxide in sulfuric acid
(1 : 3, 45 minutes), followed by a thorough rinse in ultra-pure water. The surface
of the silicon was etched in semiconductor grade ammonium uoride (degassed,
15 minutes) to remove the native oxide layer and hydrogen-terminate the surface.
Aer drying under owing nitrogen, the sample was passed into a nitrogen-lled
glovebox using a vacuum desiccator for further functionalisation.

The hydrogen-terminated silicon surfaces were immersed in a saturated
solution of phosphorus pentachloride in chlorobenzene (110 �C, 2 hours) to
which a few grains (<1 mg) of benzyl peroxide were added as a radical initiator.
The sample was then washed in chlorobenzene followed by tetrahydrofuran (THF)
and immersed in a 1.0–1.6MGrignard solution of XMgCl (where X¼methyl, vinyl
and allyl groups) in THF (110 �C, 24 hours). Aer washing in THF and sonication
in methanol, the samples were ready for further spectroscopic characterisation.

The vinyl (“Si-Vinyl”) and allyl (“Si-Allyl”) terminated Si(111) surfaces were
washed in THF and acetonitrile, and immersed in a solution of dibromoper-
ylene in 1 : 10 triethylamine : acetonitrile (Di-Br-Pe) (15 mL total) for a Heck
coupling reaction.43,44 To this, palladium acetate (<0.01 g) was added and the
resulting solution was heated to 100 �C for 24 hours in a pressure vessel. The
functionalised silicon surfaces were removed from the glovebox, and sonicated
in acetonitrile (10 � 5 mL, 5 minutes per cycle) followed by methanol (2 � 5 mL,
5 minutes per cycle). The resulting perylene functionalised surfaces (“Si-Vinyl-
Pe” and “Si-Allyl-Pe”) were further washed with isopropanol and a lens tissue
was dragged across the surface to ensure no physisorbed perylene moieties were
le behind. Aer drying under nitrogen, the samples were characterised using
spectroscopy.

Langmuir–Blodgett (LB) lms

Substrates (quartz slides and silicon) were rst washed in a warm solution of
Decon 90 detergent, using abrasion to clean the surfaces. The slides were then
sequentially sonicated in Decon 90, deionised water and ethanol. The slides were
then dried and exposed to UV light in a UV Ozone system for 30 minutes, followed
by exposure to piranha solution (3 parts H2SO4 to one part H2O2) for at least
30 min. The samples were exposed to propanol vapours to dry the surface and
a nal stream of nitrogen to remove any dust for further investigation. Once the
slides had been cleaned, they were then exposed to hexamethydisilazane vapours
(HMDS) overnight in a lidded glass staining jar to give good hydrophobic adhe-
sion to the surface of the glass.
410 | Faraday Discuss., 2020, 222, 405–423This journal is © The Royal Society of Chemistry 2020
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Stock solutions in chloroform of pure perylene dye (PTCD-C10)45 and
stearic acid (SA) were made up to concentrations of 1 mg per ml. Stock solu-
tions of 10�4 M were prepared for mixtures of PTCD-C10 and SA with 1 : 1,
1 : 10, 1 : 25, 1 : 50 and 1 : 1000 molar ratios for the deposition of the mixed
monolayers. Monolayer and multilayer LB lms were fabricated using a Nima
Trough (Nima Technology, UK) equipped with three dipping wells and
barriers. Millipore ultrapure water was used with a resistivity > 18.2 Mohm and
a pH of 6–7. Mixed chloroform solutions were deposited in 10–25 ml aliquots
onto the surface of the water in the trough, depending on the amount of
material needed, and were le for 15 minutes to allow the chloroform to
evaporate. Three compressions were performed before any deposition in order
to allow the lm to anneal. All monolayers were deposited at a constant
pressure of 26 mN m�1. A schematic of each sample structure is shown in
Fig. S3, in the ESI.†
Absorption steady state spectra

Absorption spectra were measured using a UV-Vis absorption spectrometer (Cary
60, Agilent) in the spectral range 300–800 nm. For all uorescence measurements
in solution (chloroform) we ensured the maximum absorption peak was always
less than A < 0.1 in order to avoid any re-absorption effects.
Emission steady state spectra

Emission spectra were measured with a time-resolved uorescence spectrometer
(FluoTime 300, PicoQuant). The sample was excited with a 480 nm pulsed diode
laser (LDH-P-C-485, PicoQuant) operated at 40 MHz. The emission spectrum was
recorded at right angles to the excitation beam with a Peltier cooled photo-
multiplier (PMA-C 192-M, PicoQuant) in the spectral range of 560–850 nm and
with a bandwidth of 5 nm. A 488 nm band edge lter (Semrock) was used to block
unwanted laser scattering. Signals were digitised with a Time Harp 260 PCI card
(PicoQuant) operated in steady state mode. Normalised absorption and emission
spectra and decay curves from PTCD-C10 and Di-Br-Pe in solution are shown in
Fig. S4, in the ESI.†
Silicon uorescence emission and decays

Silicon emission spectra and decay curves were recorded at right angles to the
excitation laser beam from different functionalised surfaces using a uores-
cence spectrometer (PicoQuant, FT300) equipped with a thermoelectric
cooled NIR-PMT unit (Hamamatsu, H10330A-45) with a spectral range of
950 nm to 1400 nm. The samples were excited with a 730 nm picosecond
pulsed diode laser (P-C-730, PicoQuant) with 40 MHz repetition rate. Signals
were digitised with a Time Harp 260 PCI card (PicoQuant). Decay curves were
obtained at the maximum of the emission (1135 nm or 1200 nm) with bursts
of multiple pulses in order to improve the signal sensitivity. This enabled the
recovery of a high signal for the long lifetime samples. The time resolved
decay curves were analysed using FLUOFIT soware (PicoQuant) using a two-
exponential model.
This journal is © The Royal Society of Chemistry 2020Faraday Discuss., 2020, 222, 405–423 | 411
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Time resolved emission spectra (TRES) and uorescence decays

Time resolved emission spectra (TRES) and uorescence decays from mixed
perylene dye LB monolayers were measured using time correlated single photon
counting (TCSPC) with a uorescence spectrometer (PicoQuant, FT200 or FT300)
equipped with a photomultiplier (PMA-185 or PMA-C 192-M, PicoQuant). The
samples were excited with either 440 nm (LDH-P-C-440B, PicoQuant) or 480 nm
(LDH-D-C-485, PicoQuant) picosecond pulsed diode lasers operated at a 40 MHz
repletion rate and with a 200 ps full width half maximum (FWHM) instrument
response function (IRF). The emission signals were digitised using a high-
resolution TCSPC module (PicoHarp 300, PicoQuant) with 4 ps time width per
channel. The emission from the LB monolayers on glass and silicon substrates
were collected at right angles to the excitation laser beam and the emission arm
was tted with a 440 nm (Chroma) or 488 mm (Semrock) edge pass lter before
the monochromator with a 8 nm or 5 nm spectral bandwidth.
Fluorescence lifetime imaging microscopy (FLIM)

Fluorescence lifetime measurements were performed on the organic monolayers
on glass and silicon substrates with an inverse uorescence lifetime microscope
(MT200, PicoQuant). The body of the microscope consisted of a modied
Olympus IX73 equipped with a 100� air lens objective with numerical aperture
(NA) of 0.90 (MPlanFL N, Olympus). The MT200 system was congured with an
objective scanning using a piezo XY stage (PI-721.CDQ) where the objective is
moved instead of the sample. The samples were excited using a 485 nm pulsed
diode laser (LDH-P-C-485, PicoQuant) operated at 10 or 20 MHz with an optical
power between 0.1–0.25 mW. The emitted uorescence was spectrally cleaned with
a dichroic mirror and a transmission band edge lter (510 nm) or a transmission
band pass lter (600–660 nm). A pinhole of 75 mm was employed to reject light
that was out of focus. The uorescence was detected using single photon counting
with an avalanche diode (SPAD-100, PicoQuant) and digitised with a Time Harp
260 PCI card (PicoQuant). The IRF had a FWHM resolution of 250 ps and 24 ps per
channel time increment. Image scans were performed over an area of 80� 80 mm2

with a varied pixel composition ranging from 256 � 256 pixels up to 640 � 640
pixels. The overall amount of photons per image was used as the measured decay
curve. Lifetime image analysis was not suitable for the Si-Vinyl-Pe and Si-Allyl-Pe
samples because of low photon counts detected per pixel but FLIM analysis was
possible for the LB perylene mixed monolayer deposited on glass because of
higher photon count rates. All decay curves were analysed using multi-
exponential models via an iterative reconvolution process using SymPhoTime
soware (PicoQuant). Fit quality was assessed from the c2 parameter and
weighted residuals. An example of a FLIM image and decay curve for a mixed
(PTCD-C10 : SA) monolayer deposited on glass with SA in a 1 : 25 molar ratio is
shown in Fig. S7, in the ESI.†
Variable angle spectroscopic ellipsometry (VASE)

The thickness of the organic monolayer was measured over a spectral range of
200 nm to 1000 nm at three different incidence angles (60�, 65�, and 70�) using
a spectroscopic phase modulated ellipsometer (M-2000 V Automated Angle, J. A.
412 | Faraday Discuss., 2020, 222, 405–423This journal is © The Royal Society of Chemistry 2020
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Woollam Co., Inc., USA). The data collected were analysed using a three-layer
model (substrate/monolayer/air) using silicon for the substrate and a Cauchy
model for the monolayer. Multiple readings were taken from each sample and
averaged over all consistent measurements. Examples of model ts for a mixed
perylene monolayer with stearic acid deposited on silicon are shown in Fig. S8.†

Infrared absorption spectra

All IR spectra were collected using a Shimadzu IRTracer-100 equipped with
a deuterated lanthanum a alanine doped triglycine sulfate (DLATGS) detector or
a mercury cadmium telluride (MCT) detector. Spectra were collected with the
Shimadzu soware package between 500 and 4000 cm�1 at a resolution of 4 cm�1.
The spectra were collected either in a transmitted geometry or using a variable
angle specular reectance accessory (Pike, VeeMax III) equipped with an infrared
polariser (p-polarised) at an incidence angle of 60 degrees with the surface.
Background scans of a native oxide, hydrogen terminated or chlorine terminated
silicon surface were used to record the absorption spectra. Spectra were collected
as the sum of 512 scans and an applied atmosphere background to remove peaks
due to parasitic absorption of CO2 and H2O .

X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed in triplicate on the samples using a Thermo
Scientic K-Alpha spectrometer for a survey scan and with the Si 2p and C 1s
regions investigated in detail. The Si-Cl, Si-Me, Si-Vinyl and Si-Vinyl-Pe samples
were sent for XPS measurements at the Nexus national EPSRC XPS users service at
Newcastle University.

The Si 2p (96–100 eV) and C 1s (280–297 eV) bonding regions were investigated
in detail to reveal the bonding of the monolayer to the silicon surface. Spectra
were tted to a Shirley background and were subtracted. Deconvolution of the
spectra was performed by tting multiple Gaussian bands until the residual
standard deviation reached a minimum using peak tting soware (CasaXPS).
The position of the Si 2p(3/2) peak was found to be approximately 0.6 eV lower
than that of the Si 2p(1/2) peak and double the integrated peak area. Three
Gaussian functions were used to t the peaks for the Si–C bond at 284.0 eV, C–C
bond at 285.0 eV, and C–O or C]O bonds at 286.0 eV, although the peak centres
slightly changed.46 We report surface coverages of the vinyl terminated Si(111)
surfaces relative to the methyl terminated Si(111) surfaces by comparing the areas
of the Si–C bond peaks to the Si 2p peak for the same sample.47

Results and discussion

The different functionalised Si(111) surfaces prepared in this study are shown in
Scheme 1. The methyl, vinyl and allyl Si(111) terminated surfaces were prepared
using a modied chlorination/alkylation reaction that is known to produce well-
passivated Si surfaces with good coverages.48–50 The successful attachment of the
molecular chains was conrmed using polarised infrared (IR) absorption (Fig. S9,
in the ESI†) and X-ray photoelectron spectroscopy (XPS) measurements (Fig. S10,
in the ESI†). A section of the IR spectra for the Si-Vinyl and Si-Allyl surfaces shows
C–H stretches in agreement with previous studies (Fig. 3a and b).50 XPS conrmed
This journal is © The Royal Society of Chemistry 2020Faraday Discuss., 2020, 222, 405–423 | 413
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Scheme 1 Reaction scheme for the synthesis of the alkylated/perylene silicon surfaces.
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that the vinyl group was attached on the silicon surface in the C 1s region and
showed no silicon–oxygen peaks in the Si 2p region, conrming that an oxide free
surface was prepared (Fig. 3c and d). Molecular coverage for the vinyl terminated
surfaces was estimated to be 95% � 5% by comparing the ratio of the XPS C–Si/Si
2p for the vinyl terminated surface to the methyl terminated surface.49
Passivation using alkyl layers

The alkylation of silicon surfaces has proven to provide excellent passivation
properties using low-temperature surface modications.48,49 Surface photo-
voltage (SPV) measurements on methyl terminated Si(111) surfaces have
revealed unusually large SPV signals that can only be explained by charge
accumulation in the Si(111) interface during the alkylation procedure.47–52

Similar surface chemistry treatments have resulted in a p/n junction near the
surface of silicon.53

The passivation properties of the methyl, vinyl and allyl terminated silicon
surfaces were investigated by measuring the silicon emission spectra and decay
curves (Fig. 4). There is a visible difference in the spectral shape of the Si emission
peak (lmax ¼ 1133 nm, and FWHM ¼ 100 nm) between the methyl, vinyl and allyl
Si(111) surfaces and chlorine terminated (lmax ¼ 1200 nm, and FWHM¼ 230 nm)
Si(111) which is similar in shape with the Si emission peak from a clean Si(111)
414 | Faraday Discuss., 2020, 222, 405–423This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Polarised reflection IR spectrum of the C–H stretching region for the Si(111)-
Vinyl surface. Peaks at 2920 cm�1 and 2985 cm�1 are indicated on the spectrum and
correspond to the C–H asymmetric and symmetric stretching modes respectively. (b)
Polarised reflection IR spectrum of the C–H stretching region for the Si(111)-Allyl surface.
Peaks at 2920 cm�1 and 2850 cm�1 are indicated on the spectrum and correspond to the
C–H asymmetric and symmetric stretching modes respectively of (CH2). (c) High reso-
lution XPS spectra of the Si 2p region for the Si(111)-Vinyl surface showing Si 2p3/2 (red) and
Si 2p1/2 (blue). (d) High resolution XPS spectra of the C 1s region for the vinyl terminated
Si(111) surface showing C–Si (blue), C–C (red), and C–O (green).
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surface with the native oxide present (Fig. 4a). The observed difference in the
emission peak shape is attributed to the improved surface passivation of the
alkylated Si(111) surfaces and the elimination of surface traps. In contrast, the
broad Si emission peak observed for the chlorine terminated Si surface (and for
the native oxide) indicates poor surface passivation which is consistent with
previous work.47,50

The passivation properties of the Si-Me, Si-Vinyl and Si-Allyl surfaces were
further investigated by measuring the silicon uorescence decay curves
(Fig. 4b) and this revealed an effective recombination lifetime two orders of
magnitude higher than those of the native oxide and chlorinated surfaces,
indicating signicant improved passivation. The very fast decay observed for
the Si-Cl and Si (native oxide) samples is indicative of the presence of several
surface traps.

Transient photoluminescence using single photon counting has been used to
separate the surface and bulk recombination in silicon.54 In this case, we applied
a simple model and the measured effective recombination lifetime was converted
to the surface recombination velocity (SRV) of electron–hole pairs assuming
This journal is © The Royal Society of Chemistry 2020Faraday Discuss., 2020, 222, 405–423 | 415
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Fig. 4 (a) Emission spectra of various silicon treated surfaces; a clean silicon surface with
native oxide present, Si (native oxide), a chlorinated silicon surface (Si-Cl), a methyl
terminated silicon surface (Si-Me), a vinyl terminated silicon surface (Si-Vinyl) and an allyl
terminated silicon surface (Si-Allyl). (b) Emission decay curves from the functionalised
silicon surfaces at the maximum emission.
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(guaranteed from the wafer) a high silicon bulk lifetime (>1000 ms).48,49,51 For the
double-sided polished surfaces, we estimated a surface recombination velocity of
830 cm s�1. Similar and even better SRV values were obtained using covalently
attached monolayers and showed as good passivation properties as those ob-
tained using traditional passivation techniques. In this case, vinyl monolayers can
be used for effective silicon surface passivation.

Attachment of perylene

The Heck coupling reaction was used, as this reaction has been shown to work for
bromine and chlorine-halogenated chromophores, and is a low temperature
process widely investigated in the literature.43,44 Only trace amounts of the metal
catalyst are required, making this a very attractive method for future scale-up
(Scheme 1). The structures of the vinyl and allyl terminated surfaces resulting
from the attachment of Di-Br-Pe are shown in Fig. S2 (ESI†).
416 | Faraday Discuss., 2020, 222, 405–423This journal is © The Royal Society of Chemistry 2020
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The successful attachment of the perylene dye was conrmed by XPS and FT-
IR. The integrated area ratio of the XPS N 1s bond peak relative to the Si–C/Si 2p
XPS peak for the Si-Vinyl-Pe sample gave a 5% coverage accounting for the
presence of two nitrogen atoms in the perylene derivative (Fig. S10e, ESI†). The
carbon C 1s bond peak also indicated that C]O was present on the monolayer
which can be attributed to the perylene molecules (Fig. S10d, ESI†). A large
amount of Pd 3d was observed for the Si-Vinyl-Pe samples in the XPS spectrum.
Furthermore, recombination lifetime measurements performed on a similar
surface with a cyanine dye attached to a vinyl terminated surface coupled via the
Heck reaction indicated a signicant decrease in the recombination lifetime.55

The recombination lifetime did not change aer multiple washes, conrming
that the metal contamination could not be removed by washing. A reason for this
could be the incorporation of palladium on the silicon surface leading to heavy
metal contamination and a dramatic reduction in the electron–hole recombina-
tion lifetimes. A repeated procedure using a longer alkene linker (1-decene) in
order to move the palladium catalysis further from the surface produced similar
reduced recombination lifetimes. The Heck reaction might be disadvantageous
for the functionalisation of alkene terminated silicon surfaces for photosensitised
solar cells and a catalyst free approach might be more suitable.56
LB monolayers of perylene

In previous work, we studied the energy transfer of an excited molecule to silicon
using LB monolayers of mixed carbocyanine dyes with stearic acid.16–18,39 Fluo-
rescence lifetime quenching results were obtained for distances greater than 2 nm
of the emitter to the surface of the silicon since the native oxide present in the
silicon was not removed. The preparation of inert spacer structures can be ach-
ieved using stearic acid (SA) for distances up to 30 nm or thermal oxide for greater
distances from the silicon surface. Accurate determination of the spacer thickness
can be determined using spectroscopic ellipsometry.

In this study, we used a 10 carbon long chainmodied perylene tetracarboxylic
derivative (PTCD-C10) as a monolayer material to deposit LB lms on glass and
silicon substrates at different molar mixing ratios with stearic acid (SA) (Fig. S3, in
the ESI†).

The uorescence emission in dilute solutions from both perylene derivative
molecules (PTCD-C10 and Di-Br-Pe) used in this study showed the expected three
peak vibronic structure at 534 nm, 575 nm and 625 nm with a slight 2 nm blue
shi observed for the emission peaks of Di-Br-Pe (Fig. S4a, in the ESI†). The
emission spectra are essentially mirror images of their respective absorption
spectra (Fig. S4b, in the ESI†). The solution uorescence decays show the expected
mono-exponential lifetime with excited state lifetimes s(Di-Br-Pe) ¼ 3.7 ns and
s(PTCD-C10) ¼ 4.0 ns (Fig. S4c and d, in the ESI†).

In condensed phases such as the LB monolayers, concentration quenching
occurs with the appearance of a red-shied emission band due to excimer
formation (Fig. S5a, in the ESI†).57 The decay lifetimes were multi-exponential and
the average lifetimes remained essentially the same irrespective of the mixing
ratio with SA because the PTCD-C10 molecules pack close together forming
aggregates on the water surface. Time resolved emission spectra (TRES) showed
the absence of any monomers in the monolayer and emission occurred from
This journal is © The Royal Society of Chemistry 2020Faraday Discuss., 2020, 222, 405–423 | 417
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aggregates and excimer formation in the monolayer. The excimer emission
spectrum observed from different mixed perylene monolayers is broad with
a peak between 650 and 670 nm depending on the concentration of perylene
molecules in the monolayer (Fig. S6a–c, in the ESI†). Only at a very low PTCD-C10
concentration in the monolayer with SA (1 : 1000) does the PTCD-C10 lifetime
approach the one observed for dilute solutions.

The measured emission and decay curves from the PTCD-C10 mixed mono-
layer (1 : 25) on glass were used as the true ‘unquenched’ data in order to
normalise all measurements taken from the PTCD-C10 monolayers on silicon
substrates (Fig. S7b, in the ESI†). PTCD-C10monolayers were deposited on silicon
in two different congurations (Pe-LB1 in a hydrophilic Si prepared surface and
Pe-LB2 in a hydrophobic Si prepared surface), giving rise to emitter distances
ranging from 2–4 nm (Fig. S3, in the ESI†). Spectroscopic ellipsometry was used to
measure the distance to the surface of the silicon (Fig. S8, in the ESI†).
FLIM measurements and t to the FRET region

Fluorescence lifetimes were measured using time-resolved uorescence confocal
microscopy. The overall decay intensities were analysed for each image with
several image measurements taken from different regions and lifetimes were
averaged. Because of the low photon count rate per pixel, a direct analysis of the
lifetime images (FLIM) was not possible for Si-Vinyl-Pe and Si-Allyl-Pe samples.
Selected uorescence lifetime images are shown in Fig. 5. The functionalised
Si(111) surfaces (Fig. 5a and b) show the perylenemolecules distributed across the
surface. Formation of aggregates on the surface is possible due to the presence of
Fig. 5 Fluorescence lifetime imaging (FLIM) scans of (a) the Si-Vinyl-Pe surface, (b) the Si-
Allyl-Pe surface, (c) the Pe-LB1 Si surface and (d) the Pe-LB2 Si surfaces.
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the large pi-ring of the perylenemolecule. The dark areas correspond to regions of
the Si(111) surface that were not functionalised with the perylene molecules. The
same pattern was observed for each perylene functionalised silicon surface
studied. The LB monolayers deposited on silicon from the PTCD-C10 perylene
derivatives mixed with SA showed different patterns (Fig. 5c and d). The strong
intermolecular interactions of the perylene molecules on the surface of water in
a Langmuir monolayer resulted in the molecules forming ‘bre like’ structures on
the deposited LB monolayers on the glass and silicon substrates. The dark areas
observed in the FLIM images are due to the presence of stearic acid in the mixed
PTCD-C10 : SA (1 : 25) monolayer. It is evident that the PTCD-C10 molecules pack
closely together on the surface of water, forming aggregates irrespective of the SA
mixing ratio. Only at high mixing ratios with SA greater than 1 : 1000 were we able
to observe isolated PTCD-C10 molecules on the LB monolayer.

The overall decay curves obtained for each sample are shown in Fig. 6a
together with decay ts. There is signicant uorescence quenching in the
Fig. 6 (a) Normalised fluorescence decay curves for different perylene surfaces. (b) The
experimental fluorescence lifetimes of different perylene functionalised surfaces fitted to
Chance–Prock–Silbey (CPS, full blue line) and to an inverse cubic (Förster) fit.
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lifetimes observed for the functionalised Si(111) surfaces (Si-Vinyl-Pe, and Si-Allyl-
Pe) and the LB monolayer (PTCD-C10:SA) samples with respect to the
‘unquenched’ decay curves. In fact, over 90% quenching is observed for the
uorescence lifetime of Si-Vinyl-Pe, indicating efficient FRET from the perylene
molecules to silicon. The uorescence lifetimes measured for the samples
prepared in this study are plotted in Fig. 6b as a function of the emitter–silicon
distance in the near eld regime (0.5–5 nm). We have modelled the observed
uorescence lifetime quenching with a modied CPS theory with input parame-
ters: the refractive index of the silicon substrate at the maximum emission
wavelength (l ¼ 650 nm), the refractive index of the capping layer, the uores-
cence quantum yield, and the ‘true’ unquenched lifetime of the emitter. We have
used an isotropic transition dipole orientation for the perylene molecules but
a vertical and horizontal conguration gives similar model curves for such close
distances to the surface of the silicon (Fig. S11, in the ESI†). We can also describe
our results with a Förster-like energy transfer between the perylene molecules and
the silicon with an inverse cubic dependence giving rise to an estimate Förster
radius, R0 ¼ 2.5 nm.

The CPS model adequately describes the observed lifetime data but there is
room for improvement. In particular, the uorescence quantum yield input
parameter for the emitter was set to be low (q � 0.1) in order to achieve a good t.
This might be true because of the presence of aggregates in the PTCD-C10
monolayer and perhaps for the perylene attachment on the silicon as revealed
by the FLIM measurements. The other input parameter is the true unquenched
lifetime, which for the PTCD-C10 LB monolayer, was estimated from the uo-
rescence lifetime on glass (s ¼ 1.3 ns). But for the Si-Vinyl-Pe and Si-Allyl-Pe
samples, we expect this to be higher for isolated molecules anchored on the
surface of glass, approaching the one observed in solution (s¼ 3.7 ns). Despite the
limitations of the model, the observed uorescence quenching is described well
by the tted model in the near eld ‘true’ FRET region which takes place for
emitter–silicon distances up to 5 nm. The estimation of the Förster radius for the
FRET observed between the perylene molecules and the silicon gives similar
values with a previous study.24 Further work is needed to understand this type of
interaction in the near eld regime (<5 nm) with not only singlet emitters but also
triplet emitters and we will present our recent results in an upcoming publication.
This puts constraints on observing ‘true’ FRET from excited states close to the
surface of the silicon since silicon substrates have a native oxide of approximate
thickness of 1–2 nm. There are questions that need to be tackled, in particular,
the importance of dielectric screening at small dipole–dipole separations and the
type of electron–hole transitions (direct or indirect) for this type of interaction.

Conclusions

Silicon photosensitisation via FRET from functionalised molecular layers offers
an exciting area of research into reducing the thickness of crystalline silicon solar
cells by up to two orders of magnitude and enabling the ability to go beyond the
single junction efficiency limit. We have presented amodiedmodel based on the
CPS theory that describes the interaction of a dipole emitter as a function of
distance from the surface of silicon. Interaction at distances between 10–100 nm
can be described as a photon tunnelling process that excites the trapped modes of
420 | Faraday Discuss., 2020, 222, 405–423This journal is © The Royal Society of Chemistry 2020
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View Article Online
silicon from the evanescent eld of the chromophore.39 In keeping with recent
work,24 we conrm that only for distances less than about 3 nm we observe ‘true’
FRET phenomena. Vinyl and allyl Si(111) terminated surfaces have been shown to
offer good electrical passivation and protection from oxidation while providing
the means for further functionalisation via a palladium catalysed reaction. LB
lms can be deposited on the passivated silicon surfaces, acting as light har-
vesting layers and further boosting the absorption in the silicon but control of
chromophore aggregation is required to maximise energy transfer efficiency.
Fluorescence lifetime measurements with time-resolved confocal microscopy
revealed the distribution of the molecules on the Si(111) surface and we observed
energy transfer efficiencies of up to 90% for distances less than 1 nm. A simple
model is presented to t the active FRET area (<5 nm) with an estimated Förster
radius R0 ¼ 2.5 nm. There are still questions about the role of the dielectric
constant of silicon on this type of interaction, the type of electron–hole transition
and the importance of dielectric screening for such small dipole–dipole interac-
tions. Notwithstanding, surface chemistry offers an exciting opportunity for the
passivation/functionalization of the silicon interface with molecular layers for
applications in electronic devices.

Conflicts of interest

The authors declare no conicts of interest.

Acknowledgements

H. B. acknowledges nancial support from the Department of Chemistry at
Lancaster University for a PhD studentship. B. W. acknowledges the nancial
support provided by the Leverhulme Trust (DS - 2017-036) for a Materials Social
Futures (MSF) PhD studentship. L. F. acknowledges nancial support from the
National Science Foundation of China (No. 61604138). The Centre for Advanced
Photovoltaics is supported by the Czech Ministry of Education, Youth and Sport.
CZ.02.1.01/0.0/0.0/15_003/0000464.

Notes and references

1 C. Battaglia, A. Cuevas and S. De Wolf, Energy Environ. Sci., 2016, 9, 1552.
2 J. Jean, P. R. Brown, R. L. Jaffe, T. Buonassisi and V. Bulović, Energy Environ.
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