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Efficient light harvesting biotic-abiotic nanohybrid system incorporating atomically thin
van Der Waals transition metal dichalcogenides
Mingxing Li, Jia-Shiang Chen and Mircea Cotlet*
Center for Functional Nanomaterials, Brookhaven National Laboratory, Upton New York 11973

E-mail: cotlet@bnl.gov

Abstract. Inspired by nature’s light harvesting complex architectures, which bring together, in one
unit, several active nanocomponents to harvest light and to flow the harvested energy in precise
directions and places, we designed and assembled a biotic/abiotic step-wise energy transfer
nanohybrid system which is based on an atomically thin, two-dimensional (2D) van Der Waals
semiconductor, colloidal quantum dots and a light harvesting protein. We utilized the van Der
Waals semiconductor as a 2D platform for bottom-up assembly, connecting nanocomponents via
electrostatic self-assembly and layer-by-layer polyelectrolyte deposition. Through bandgap
engineering of the self-assembled active components, we created conditions for efficient
directional stepwise energy transfer, from optically excited quantum dots, to proteins and finally
to the 2D van Der Waals semiconductor, here molybdenum diselenide (MoSe:). A field effect
transistor incorporating the biotic/abiotic nano hybrid was demonstrated to exhibit enhanced
spectral responsivity when compared to the pristine device (2D van Der Waals semiconductor
only). This is because the biotic/abiotic nano hybrid exhibits enhanced absorption cross section
and enhanced light harvesting through the addition of quantum dots and proteins next to MoSez,
which in turn leads to enhanced exciton generation in MoSe; via energy transfer from quantum
dots to proteins and finally to MoSe:.

Keywords: biotic-abiotic complex, nanobio devices, energy transfer, van Der Waals materials,

allophycocyanin, quantum dots, self-assembly.
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A biotic/abiotic nanodevice incorporates elements of biology, for example DNA, enzymes
or proteins, inorganic, organic and/or metal components. In designing a biotic/abiotic nanodevice,
we often inspire from nature’s complex and precisely assembled nanoarchitectures. A well know
example of such a nanoarchitecture is the natural light harvesting complex, a collection of
chromophores of different spectral signatures which are capable to harvest light across the UV-
visible range and to interact strongly via energy hopping and directional energy transfer, with
transfer efficiencies approaching unity.'™ Inspired from nature’s light harvesting complexes, we
assembled a biotic-abiotic nanohybrid structure which has the potential to be utilized in solar
energy harvesting. In our design, we use an atomically thin, two-dimensional (2D) van Der Waals
semiconductor’® as the starting platform for the assembly of the nanohybrid (Figure 1a).
Atomically thin 2D van Der Waals semiconductors exhibit high surface to volume aspect ratio, a
property which is extremely suitable for bottom up self-assembly. Furthermore, we use MoSe> as
a 2D van Der Waals semiconductor which is known to exhibit indirect to direct energy bandgap
inversion when its thickness reduces from bulk crystal to monolayer. It also exhibits high in-plane
carrier mobility due to its atomically thin thickness.’® These properties are extremely appealing
for solar and photodetector applications. In this present work we combined MoSe> with two other
light harvesting nanostructures, inorganic colloidal quantum dots and the protein allophycocyanin
(APC)*'°. Through electrostatic self-assembly and energy bandgap engineering, we demonstrate
for the first time a biotic/abiotic light harvesting nanohybrid functioning via multi-step cooperative
energy transfer among nanocomponents. The assembled nanohybrid exhibits enhanced light
harvesting, exciton and carrier generation, properties which aid toward increased

photoresponsivity when this biotic-abiotic nanostructure is incorporated in a field effect transistor.
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Figure 1. (a) Cartoon depicting the biotic/abiotic hybrid nanostructure composed of an atomically thin MoSe:
nanosheet, colloidal core/shell CdSe/ZnS quantum dot (QD) and the light harvesting protein allophycocyanin (APC).
APC structure was generated with RCSB PDB with crystal data from ref. ! Also shown is a top view of the trimeric
APC with phycocyanobilin chromophores drawn as grey balls. (b) energy band diagram shows possible types of light
stimulated interactions in the proposed biotic/abiotic hybrid nanostructure. Full lines indicate radiative transitions,
dashed lines indicate possible paths for non-radiative FRET. Cross in both a) and b) indicates inhibited energy transfer
from QD directly to MoSe; by the large separation distance provided by APC (see text for discussion). (c) absorption
and emission properties of various components constituting the biotic/abiotic hybrid nanostructure (PL,
photoluminescence, Abs, absorption). For MoSe,, the absorption spectrum is that of a monolayer. A 440 nm laser
light was used to excite QDs, while a 532 nm laser light was used to excite APC.

The proposed nanoarchitecture is shown in Figure 1a, while a detailed design for the same
architecture is shown in Figure 2. The biotic-abiotic hybrid nanostructure contains an atomically

thin MoSe> flake (monolayer to few layers) as the bottom platform. While MoSe; transitions from



an indirect energy bandgap semiconductor at bulk crystal to direct bandgap semiconductor at
monolayer, with monolayer MoSe» exhibiting strong photoluminescence with a peak at 809 nm
(Figure.1b, dark red), bilayer and trilayer MoSe> also exhibit strong photoluminescence, with
peaks at 792 nm and 765 nm, respectively.> MoSe, absorption spans a large breath of the UV-VIS-
NIR spectral range (Figure. Ic, black solid curve, monolayer MoSe>) while featuring two low
energy peaks which relate to the Ao and By excitons.’ 1213

We combined atomically thin MoSe; with two strong light harvesting nanomaterials whose
excitonic properties are chosen such that directional energy transfer can be promoted between
themselves and with MoSe, respectively (see Figure. 1a-b). They are: (i) a water soluble colloidal
core/shell CdSe/ZnS quantum dot (QD) emitting at around 585 nm?? and (ii) a crosslinked
allophycocyanin (APC), a trimeric disk-like shaped protein of about 11-nm diameter, 3nm thick
and with a central channel of about 3.5nm and which is part of the light harvesting system of
Cyanobacteria.'* This trimeric protein incorporates, in each monomer, a dimeric phycocyanobilin
chromophore, with all three dimers strongly coupled within the trimeric protein (Fig.1a, top view,
chromophores are depicted as grey colored balls).!*!> APC protein absorbs broadly at around 650
nm and emits with a sharp peak at 660 nm when dissolved in a neutral buffer (Figure. 1c).” When

APC is combined with QDs, it forms a donor-acceptor Foerster-resonant energy transfer (FRET)

pair for which the FRET rate can be expressed by'®
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with @y and 78 p the PL quantum yield and the PL lifetime of the donor only component (QD),
k? an orientation factor, N4, the Avogadro number, r the donor (QD)-acceptor (APC) separation
distance and J (A1) the overlap integral between QD’s PL spectrum and APC’s absorption spectrum,

which is given by



JD) = [Igp(A) X eapc(2) x 2*dA 2)
In this equation [ Iop(A)dA = 1, with Iyp(2) the PL emission of the QD and g4pc(4) the
extinction spectrum of APC. According to egs.1&2, both the QD and the APC protein feature very
appealing light harvesting properties for promoting a strong FRET: high extinction coefficients,
1,900k M'em™ for QD, 700k M'em! for APC, high quantum yields of photoluminescence (PL),
60% for QDs, 68% for APC, strongly coupled chromophores for APC and strong spectral overlap
between QD’s emission and APC absorption (Figure. 1c). This allows photoexcited QDs to
transfer energy to APC proteins when part of a donor-acceptor QD-APC hybrid (FRET I, Fig.1c).
Furthermore, APC protein has an emission spectrum which completely overlaps with MoSe>’s
absorption spectrum (Figure. 1c), thus being able to transfer to MoSe; nanosheet when both are
combined in a hybrid (FRET-II, Fig.1c) and whether APC is photoexcited directly or via energy
transfer. By assembling QDs, APC proteins and a MoSez nanosheet onto a nanohybrid as shown
in Figure 1a, with QDs residing at the outer side of the nanohybrid and APC proteins sandwiched
between QDs and MoSe>, a step-wise directional energy transfer can be achieved from
photoexcited QDs to APC (FRET I, Fig.1a,1c) and finally to MoSe> (FRET II, Fig.1a,1c). In this
same QD-APC-MoSe; hybrid, a direct transfer from photoexcited QDs to MoSe> (FRET III,
Fig.1a,1c) will be inhibited by the large donor-acceptor separation provided with the intercalation
of the protein and the length of the QD’s capping ligands (Figure. 1a,1b). This designed step-wise
directional energy transfer mimics the case of natural light harvesting systems where
chromophores at the surface (here QDs) harvest light and physically displace the harvested energy
to intermediate chromophores (here APC) and finally to the reaction center (here MoSez). The
stepwise FRET will provide increased exciton density and enhanced charge carrier generation in

the atomically thin MoSe.
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Figure. 2. Self-assembly strategy for the biotic-abiotic hybrid nanostructure incorporating 2D van Der Waals
semiconductor. Hydrophobic layered MoSe; is hydrophilized by layer-by-layer polyelectrolyte deposition using
poly(diallyl dimethyl ammonium chloride) (PDDS) and poly(styrene sulfonate) (PSS). The biotic/abiotic MoSe;-
APC-QD hybrid nanostructure (panel a) is assembled by depositing a negatively charged APC protein layer followed
by deposition of positively charged (aminated polyethylene glycol coated) QDs. (b) and (c) are hybrid nanostructures
composed of MoSe,-QD and MoSe,-APC, with MoSe; hydrophilized as described above.

To practically implement the design shown in Figure la, we used a layer-by-layer (LbL)
deposition method to introduce hydrophilicity at the surface of the highly hydrophobic MoSe:
flake to allow the assembly of negatively charged APC by electrostatic deposition. Figure 2 shows

in detail each of the components constituting the biotic/abiotic hybrid nanostructure. We used two

oppositely charged polyelectrolytes, poly(diallyl dimethyl ammonium chloride) (PDDA) and



poly(styrene sulfonate) (PSS), with the resulting polyelectrolyte layer having a thickness of 2-3
nm. We then incubated the hydrophilized MoSe; flake with a phosphate buffered solution
containing APC (pH 7.4, APC’s isoelectric point is 4.68). We then rinsed the unbound proteins,
and finally incubated the APC-MoSe; nanohybrid with a solution of positively charged (amine
functionalized) QDs followed by the rinse of unbound QDs. Having a monolayer of APC proteins
physically sandwiched between a MoSe> nanosheet and a monolayer of QDs, the resulting QD-
APC-MoSe; nanohybrid is expected to exhibit an energy flow physically oriented from QDs to
APC and finally to MoSe;, thus mimicking a natural light harvesting system.

We probed the energy transfer flow in the assembled MoSe>-APC-QD nanohybrid by time-
resolved confocal fluorescence microscopy (FLIM). We used a 440nm/532nm pulsed laser source
(Picoquant, Germany, 75 picosecond pulses, 10 MHz repetition rate, average power of 10 nW at
the sample). We excited QDs and QD-based hybrids using the 440nm light and probed the
emission at around 580nm and we also excited APC and APC-MoSe> at 532nm and probed at
around 660nm. Results of the confocal FLIM experiments are part of Figures 3 and 4, and Table
1. APC proteins and QDs deposited on Si/SiO2 support exhibit PL lifetimes of 1.05 ns and 21.20
ns, respectively (Figures 3c, 3f, black colored curves and Table 1). Electrostatically assembled
QD-APC hybrids on Si/SiO> substrate show QD’s lifetime being quenched to 17.0 ns (Fig.4a,
Table 1). This suggests the QD-APC hybrid exhibits a FRET rate, kprpr =
1/Thybria — 1/Taonor=1 .15x107 ns! and an efficiency Epgpr = 1 — Thybria/ Taonor=20% (Table
1). This is a rather low efficiency value which we expected, given the large separation distance
between QD and APC which is introduced by the QD’s aminated polyethylene glycol (PEG) shell
(5-6 nm thick according to the vendor, Ocean Nanotech), the presence of a ZnS shell (0.7 nm),

plus the separation imposed by the protein scaffold having the chromophores buried inside (Fig.1a,



top view). Figure 3 shows correlative confocal reflection (Figure. 3a, 3d, 3g) and FLIM (Figure.
3b, 3e, 3h) images of MoSe> flakes doped with monolayer QD (Figure. 3a, 3b), monolayer APC
protein (Figure.3d, 3e), and bilayer APC-QD (Figure. 3g, 3h), respectively. FLIM images were
recorded at the emission spectral range of the donor moiety (for QD @580nm, for APC @680nm).
Reflection images identify single-, two- and three-layers (red, green and blue dots), and these were
confirmed by atomic force microscopy (AFM) measurements (Figure. S1, supporting information,
SI). FLIM images in Fig.3 show strong photoluminescence (PL) quenching for QD, APC and QD-
APC components deposited on MoSe; flakes vs components on Si/SiO2 support (Figs.3b,3¢,3h,
regions adjacent to flakes). The same FLIM images show increase in PL quenching of QD, APC
and APC-QD components with increased number of MoSe> layers, e.g. from monolayer to few
layers.

To quantify the observed PL quenching vs number of MoSe; monolayers, we performed
diffraction limited (point) time-resolved measurements and the results of these experiments are
shown in Figures 3c, 3f, and 31, Figure 4 and Table 1. PL decays recorded from all three types of
hybrids, QD-MoSe; (Figure. 3¢), APC-MoSe> (Figure. 3f) and QD-APC-MoSe; (Figure. 31), they
all show increased quenching with added number of MoSe; layers. FRET rates and efficiencies were
calculated as kppgr = 1/Thypria — 1/Taonor and Epggr = 1 — Tnypria/Taonor - Here we
considered PL lifetimes of donor only (74550, ) those measured from monolayer QDs deposited on
Si/Si0y, (440nm excitation, 580nm emission) and of monolayer APC deposited on Si/SiO2,
(532nm excitation, 680nm emission). PL lifetimes of hybrids (7yypriq) Where those measured from
QDs on MoSe> (440nm excitation, 580nm emission), APC on MoSe; (532nm excitation, 660nm

emission), and QD-APC on MoSe; (440nm excitation, 580nm emission).
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Figure 3. (a)-(b), (d)-(e), and (g)-(h) are correlated optical reflection and confocal FLIM images of QD-MoSe,, APC-
MoSe,, and QD-APC-MoSe; hybrids, respectively. Single-, two- and three-layer MoSe, are indicated by red, green
and blue dots. (¢) and (f) and (i) are diffraction-limited photoluminescence decays of QD-MoSe,, APC-MoSe; and
QD-APC-MoSe; hybrids vs number of MoSe; layers. 1L, single layer, 2L, bilayer, 3L, tri-layer.

From 1-layer MoSe> up to 3-layers MoSe, we observed that the FRET efficiency increased from
20% to 38% for the APC-MoSe; hybrid, from 38% to 71% for the QD-MoSe; hybrid and from
68% to 84% for the QD-APC-MoSe: hybrid (Table 1). It is noteworthy that out of the three
monolayer MoSe, based hybrids, the biotic-abiotic QD-APC-MoSe, hybrid outperforms in

transferred energy the QD-MoSe, hybrid (Fig.4a, QD-APC-MoSe; decay vs QD-APC-MoSe>



decay, and Table 1), thus suggesting APC helps with improving the transfer of energy from QDs
to MoSe>. The insertion of an additional step in the energy transfer from QD to MoSe; is expected
to decrease the overall efficiency of the transfer, since both QD-APC (FRET 1) and APC-MoSe;
(FRET II) steps proceed with less that 100% efficiency. However, our FLIM data prove otherwise.
Recent work has shown that light harvesting systems with highly ordered chromophores can act
as energy funnels, dramatically increasing the transfer with external acceptors.t’® We propose a
similar phenomenon to take place here where APC proteins added between QDs and MoSe;
nanosheet can enhance the FRET from QD to MoSe; via a “funnel-like” effect. APC’s small
isoelectric point value makes the protein negatively charged at neutral pH and APC’s disk-like
shape will align the protein gn parallel to the surface of MoSe; when binding to the polyelectrolytes.
In this scenario, the multiple chromophores buried inside protein’s cage will align their dipoles
parallel to MoSe2 which also has an in plane dipole. Because QDs have a degenerate dipole
moment with no preferential orientation like it is usually found in organic chromphores,*® the
energy transfer in QDs-MoSe2 and in QD-APC pairs is rather weak, in particular in our case where
QDs have a rather thick shell (>5nm) and space themselves at large distances from the acceptor,
either APC or MoSex. Intercalating APC in between QDs and MoSe> can create a funnel-like effect
leading to an enhanced transfer of the energy from the QDs onto the MoSe2 via APC. While

speculative, this model will require theoretical support in the future.
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Figure 4. (a) photoluminescence decays of QDs on SiO,/Si substrate, of QD-APC hybrids, of QD-1L-MoSe; hybrids,
and of QD-APC-1L MoSe; hybrids. FRET rates (b) and efficiencies (c¢) vs number of layers of MoSe, for APC-MoSe>
(black line and square), QD-MoSe; (red line and dots) and QD-APC-MoSe; (blue line and triangles). See text for
computation of FRET rates.

From bulk to monolayer, MoSe> changes its energy bandgap from indirect to direct
semiconductor, similar as it does MoS2.> ® For MoS, its combination with QDs resulted in QD-
MoS; hybrids with layer dependent energy transfer, with single layer MoS» exhibiting the strongest
quenching for QDs.?! This trend in FRET rate with number of MoS; layers was attributed to a
dielectric screening of the electric field of the QD’s emitting dipole by the addition of extra layers,
next to the monolayer MoS», which in turn weakens the FRET rate. As such, the strongest FRET
is to be observed with monolayer MoS». Oppositely, graphene and indirect bandgap layered metal
dichalcogenides like SnS> were found to exhibits an increase in FRET rate from monolayer and
thicker, possible due to a weaker dielectric screening by added monolayers.?!> However, here we
observed a similar layer dependency of the FRET rate for both QDs and APC interacting with
layered MoSe: as it was previously reported for QDs transferring to graphene and to SnS», yet
opposite to that of QDs deposited on layered MoS>. To account for an eventual effect of the
polyelectrolytes used to hydrolyze MoSe;, we performed confocal FLIM experiments with amine-

capped CdSe/ZnS QDs deposited directly on MoSe: flakes as well on MoS; flakes (Table S1, SI).
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For MoS; we obtained a similar trend for the FRET rate vs number layers of MoS; as shown in
previous reports and with the strongest FRET observed for monolayer MoS,.2°2! However, our
observed FRET rate for CdSe/ZnS QDs transferring to monolayer MoS, (Table S1, SI) is 4x
weaker than previously reported.?’ We believe this difference results from the presence of an
aminated polyethylene glycol shell coating the QDs, with a thickness of 5-6 nm (as provided by
the manufacturer, Ocean Nanotech), which acts as an additional spacer for QDs transferring to
monolayer MoS,, thus slowing down the FRET when compared with the use of QDs with short
organic ligands.”® For MoSe, we obtained a similar trend as that shown in Figure 4b,c, thus
concluding that the LBL polyelectrolyte intercalated between MoSe> and QDs and APC proteins
had no influence on the trend of the FRET rate vs number layers of MoSe», rather than that of a
physical spacer. One possible explanation for the observed differences between the FRET transfer
of QDs to MoS; and MoSe: is provided below. The FRET rate of QDs transferring to MoSe»
depends upon the dielectric constant of the 2D material which, in a simplistic picture, can be
written as kppgr~&, [ VAV |E|?, with V' the volume of the 2D material and € = & + i x &, the

dielectric function of the 2D material.*!

A recent report identifies monolayer MoS: to exhibit a
larger imaginary component for the dielectric function vs monolayer MoSe>.”* The larger atomic
mass and therefore bulkiness of Selenium vs Sulphur might account for a larger interlayer
separation as seen by AFM measurements (see Fig.S1, SI) which could lead to weaker interaction
between atomically thin layers in the case of MoSez vs MoSz. This might be the reason of reduced
dielectric screening from underneath layers. As such, each MoSe, monolayer would function as

an independent energy acceptor with the donor, thus providing an opposite trend for FRET rate vs

number of layers for the two types of hybrids.
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Figure 5. Spectral responsivity of pristine MoSe,, CdSe/ZnS-MoSe,, APC-MoSe; and CdSe-APC-MoSe: field effect
transistors, showing best responsivity for the biotic/abiotic hybrid FET.

Finally, to demonstrate the improvement in photoresponse following the biotic/abiotic
hybrid design and assembly, we fabricated field effect transistors from MoSe; flakes exfoliated on
Si/S102 support, with source and drain electrodes constructed by electron beam lithography and as
detailed in supporting information section. Figure 5 shows spectral photoresponsivities measured
from pristine and hybrid devices, including the biotic-abiotic hybrid device which outperforms in
photoresponsivity of the pristine (MoSe> only) FET, APC-MoSe; FET and the all-inorganic QD-
MoSe: FETs, especially in the visible and near infrared spectral regions.

In conclusion, we assembled a biotic-abiotic hybrid nanosystem following architectural
inspiration from nature’s light harvesting systems and utilizing an atomically thin transition metal
dichalcogenide nanosheet as a support for the bottom-up assembly of the proposed hybrid.
Through self-assembly and bandgap engineering, we obtained a cascaded step-wise directional
energy transfer leading to improved light harvesting and exciton and charge carrier density
production as demonstrated by optical and photoelectrical measurements. Judging from the

dimensions of the components involved in defining the biotic-abiotic nanohybrid, 5-6nm for the
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amine terminated PEG shell, the ZnS shell (1nm), the APC protein (3nm thick) and the LBL layer
(2-3nm), we estimate a physical move of the excitation energy transfer from QDs to MoSe» through
the APC motif of 12-20nm. We believe this is one of the first demonstration of a cascaded biotic-
abiotic nanohybrid involving a 2D van Der Waals semiconductor. Finally, we observed different
trends for energy transfer rate vs layer number in two transition metal dichalcogenide
semiconductors which both exhibit bandgap inversion, MoSe> vs MoS> and reasoned that such

difference might arise from differences in dielectric function as well in chalcogenide bulkiness.
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Table 1. Photoluminescence lifetimes, FRET rates and FRET efficiencies for isolated components and various
hybrids, including the biotic-abiotic QD-APC-MoSe2 hybrid. 1L, 2L, 3L denotes 1, 2 and 3 atomically thin layers of
MoSe2 and hybrids composed of MoSe2. All time-resolved data were detected at the emission peak of QD (585nm),
except for APC (680nm) and MoSe2 (800nm). Lifetimes are presented as amplitude averaged following 2- or 3-
exponent fits (see details of analysis in SI).

Sample PL lifetime kFRET X:I.O7 ErreT
Ins /st 1%
Donor and acceptor separated components
CdSe/ZnS QD on Si/SiO, 21.20 - -
APC on Si/SiO; 1.07 - -
MoSe; <0.08 - -
QD-APC hybrid
QD-APC 17.02 | 1.158 20
APC-MoSe; hybrid
APC-1L MoSe?2 0.85 23.51 20
APC-2L. MoSe?2 0.73 43.27 32
APC-3L MoSe?2 0.65 60.36 39
QD-MoSe; hybrid
QD-1L MoSe2 13.07 2.93 38
QD-2L MoSe2 11.52 3.96 46
QD-3L MoSe2 6.12 11.62 71
QD-APC-MoSe; hybrid
QD-APC-1L MoSe2 6.80 9.99 68
QD-APC-2L MoSe?2 4.84 15.94 77
QD-APC-3L MoSe?2 3.35 25.13 84
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