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Non-radiative processes like energy and charge transfer in 0D-2D semiconductor quantum dot (QD)-
transition metal dichalcogenides (TMDs) and other two-dimensional layered materials, like graphene and
analogs, leading to strong quenching of the photoluminescence (PL) of the usually highly emissive QDs,
have been widely studied. Here we report control of the emission efficiency of core QDs placed in close
proximity to the monolayers of MoS,. The QDs are transferred in the form of a high-density compact
monolayer with the dot-dot separation, ¢ as well as the MoS,—QD separation, d, being controlled
through chemical methods. While at larger separations we observe some quenching due to non-
radiative processes, at smaller separations we observe enhanced emission from QDs on MoS; as
compared to the reference despite the presence of significant non-radiative charge transfer.
Interestingly, at small separations ¢, we see evidence of strong dot—dot interactions and a significant red
shift of QD PL which enhances spectral overlap with the B exciton of MoS,. However, we observe
significant reduction of PL quenching of QDs relative to longer 6 and d cases, despite increased
probability of non-radiative resonant energy transfer to MoS,, due to the enhanced spectral overlap, as
well as charge transfer. Significantly we observe that simultaneously the intensity of the B exciton of
MoS, increases significantly suggesting the possibility of coherent and resonant radiative energy
exchange between the 0D excitons in QDs and the 2D B exciton in MoS,. Our study reveals interesting
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1 Introduction

Hybrid devices consisting of monolayers of two-dimensional
(2D) layered transition metal dichalcogenides (TMDs) like
MoS, and zero-dimensional (0D) semiconductor quantum dots
(QDs) have attracted increasing interest over the last decade.
From the fundamental perspective, interest has been focused
on the novel aspects of light-matter interactions that can occur
between the two nanoscale materials in the form of energy and
charge transfer processes between photo excited excitons which
can be generated in one or both the layers, while under certain
conditions, formation of interlayer or hybrid excitons can also
take place.® Thus these materials act as a playground for rich
excitonic physics due to the interaction of 0D and 2D excitons
with the 0D excitons being size tunable, while the 2D exciton
being electrically and chemically tunable.>*'® Apart from
interest in the fundamental science of these systems, there has
been tremendous interest in their potential applications in
photo-detectors, photovoltaic devices, photocatalysts and
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applications of these nanoscale materials in light emitting and photonic devices.

sensors.'** Most of the applications rely on the broad band gap
tunability and highly efficient light harvesting properties of the
QDs and the electrical properties, especially the high carrier
mobility, of the TMDs which has led to development of various
ultra-thin nanoscale opto-electronic devices™™* based on this
hybrid architecture. A key aspect in such device applications is
the ability to tune the rate of energy or charge transfer after
photo-excitation of the QDs to the TMDs by spectral tuning of
the QDs or through electrical or chemical control of carrier
density and mobility of the TMDs. In all cases, the device
application relies on fast energy or charge transfer from 0D
excitons in the photo-excited QDs to the TMDs leading to strong
quenching of the dots. As a result, these materials are not very
useful as light emitting or photonic devices and it is not
possible to utilize the ability to tune the brightness of these
emitters (QDs) through electrical control of the TMD based field
effect transistor (FET) devices.

Here we report control of the emission efficiency of core
QDs placed in close proximity to the monolayers of MoS,. The
QDs are transferred in the form of a high-density compact
monolayer with the dot-dot separation, ¢ as well as the MoS,—
QD separation, d, being controlled through chemical
methods. At larger separations ¢ and d, we observe some
quenching of QD emission on MoS, relative to emission

This journal is © The Royal Society of Chemistry 2020
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intensity on a silicon substrate, due to non-radiative
processes. Surprisingly, at smaller separations we observe
reduced quenching of QD emission on MoS,, despite the
presence of significant non-radiative charge transfer. Inter-
estingly, at small separations ¢, we see evidence of strong dot-
dot interactions and a significant red shift of QD PL spectral
maxima which enhances spectral overlap with the absorption
of B excitons of MoS,. However, instead of increased proba-
bility of non-radiative resonant energy transfer to MoS, from
QDs and strong quenching of QD photoluminescence (PL),
due to the enhanced spectral overlap, we find considerable
reduction in the quenching of the PL of QDs compared to that
expected from standard non-radiative processes. Significantly
we observe that simultaneously the intensity of the B exciton of
MoS, increases significantly suggesting the possibility of
coherent and resonant radiative energy exchange between the
0D excitons in QDs and the 2D B exciton in MoS,. Our study
reveals interesting nanoscale light-matter interaction effects
which can suppress the conventional quenching of QDs
leading to potential applications of these nanoscale devices in
light emitting and photonic devices.

2 Experimental details

MoS, monolayers were exfoliated on polydimethylsiloxane
(PDMS) sheets and then transferred onto 300 nm SiO,
substrates. Monolayers were confirmed through optical and
Raman spectroscopy. QDs were synthesized following methods
described earlier.'®"” The monolayer of QDs was transferred
onto MoS, using the Langmuir-Blodgett (LB) technique.’®*
QDs in chloroform were spread on a deionized (DI) water-filled
LB trough(Kibron Microtrough G2, Finland) to get a monolayer
and the monolayer was slowly transferred onto the substrate at
constant surface pressure. The ligand exchange was done by
slightly modifying an earlier®® report (ESIt). In a typical ligand
exchange, the vapor of K,S in formamide solution was exposed
to the QD-MoS, sample overnight and the excess ligand was
washed with toluene and formamide solution, and using this
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method we exchanged the TOPO (long) ligand with the sulfur
(short) ligand.

Atomic force microscopy was performed using a Park system
(NX model) in non-contact mode. PL spectra were collected using
a Horiba (LabRam model) instrument, using a 532 nm continues
wave (CW) laser. A laser power of ~ 1 uW was used to avoid the
bleaching of QDs. Signals were collected using a charge coupled
device (CCD). A 300 g mm ™' grating and 1800 ¢ mm™ ' grating
were used to collect the PL and the Raman spectra respectively.
Time resolved PL (TRPL) data were collected using a PicoQuant
MicroTime 200 system, with a temporal resolution of 25 ps. A
507 nm laser with 40 MHz repetition rate was used to excite the
sample keeping the power at ~ 1 pW. A band pass filter was used
to collect QD TRPL spectra. A 50x (Olympus NA-0.45) objective
was used to collect both PL and TRPL data.

3 Results and discussion

Fig. 1 shows the schematic of how the ligand exchange affects
the separation (coupling) between the QD-MoS, hetero-
structure. The ligand exchange not only decreases the separa-
tion d between the QDs and MoS, but also decreases the sepa-
ration between the QDs ¢ themselves. When the long TOPO
capped ligand is attached to QDs the d is ~2 nm, and the 6 is
~4 nm. After ligand exchange these separations decrease to
~0.3 nm and ~0.6 nm respectively.

Fig. 2(a) shows the optical image of MoS, before the transfer
of monolayer QDs. Fig. 2(b) shows the optical images of the
MoS,-QD hetero-structure after transferring the monolayer of
the QD film using the LB technique. The QD monolayer is
transferred uniformly onto the MoS, layer. Fig. 2(c) shows the
isotherm (surface pressure vs. area plot) of LB transfer; the QD
monolayer was transferred at a surface pressure of 35 mN m ™.
The 0D-2D hetero-structures were further characterized using
atomic force microscopy (AFM). Fig. 2(d) shows the Raman
spectra of MoS, and the MoS,-QD hetero-structure before and
after ligand exchange. The A;, mode is slightly affected after
transferring the QD layer.

Laser
\ Strongly coupled QDs

Monolayer MoS,

Fig.1 The schematic of how the ligand exchange treatment affects the separation between the QD—-MoS; hetero-structure; this treatment also

modifies the dot—dot separation.
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(a) Optical image of monolayer MoS,. (b) The optical images of the MoS,—QD hetero-structure after transferring the compact monolayer

of the QD film using the Langmuir—Blodgett (LB) technique, with the dot—dot separation, é and the MoS,-QD separation, d, being controlled
through chemical methods. (c) The surface pressure vs. area (isotherm) curve of LB for the QD monolayer; the film was transferred at a surface
pressure of 35 mN m~2. (d) The Raman spectra of MoS,, MoS,-QDs, and MoS,—-QDs after ligand exchange.

Fig. 3 shows the PL spectra of the QD-MoS, hetero-structure.
The energy of QDs was at 2.168 €V. The MoS, PL spectra consist
of two excitonic peaks at ~1.85 eV and ~2 eV, related to spin-
orbit splitting in the valence band.”*** The emission spectra of
the chosen QD overlap with the absorption spectra of the higher
energy exciton peak of MoS,. Both the PL intensities of QDs and
MoS, decrease in the hetero-structure compared to the PL
intensity of the individuals on SiO,, consistent with previous
reports.® To quantify the quenching we introduce the
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quenching factor Q defined as Q = Isio /Ivos,, Wwhere Igio, is the
intensity of QDs on SiO,, and Iys, is the intensity of QDs on
MoS,. When d is ~2 nm, the value of Q is ~2.12 4 0.05. Further
the QD energy is blue shifted from 2.168 eV to 2.182 eV which is
due to the coupling in the hetero-structure.* After ligand
exchange, the distance between MoS, and QD reduces to
~0.3 nm, and the value of Q becomes 1.42 + 0.01. It can be
noted that the PL maxima significantly red shift to 2.091 eV and
2.069 eV on SiO, and MoS,, respectively (Table 1). The full width
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Fig. 3 PL data of (a) the QD—-MoS, monolayer hetero-structure before and after ligand exchange while (b) shows the same on SiO, before and

after ligand exchange.
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Table 1 QD PL spectra fitting parameters like center, FWHM, and
maxima corresponding to the data in Fig. 3. Detailed fitting is available
in Section 3 of the ESI

System Centre (eV) FWHM (meV) Intensity (a.u)
QD 2.168 £ 0.002 203 £ 6 3766 + 17
QD-Lig 2.091 + 0.004 263 £ 9 5501 £ 12
MoS,-QD 2.182 + 0.001 210 + 4 1770 £ 36
MoS,-QD-Lig 2.069 £ 0.004 218 £ 2 3847 + 27

at half maximum (FWHM) of the QD monolayer on SiO, is
increased from 203 meV to 263 meV after ligand exchange; this
broadening and red shift indicate that the coupling between
QDs in the highly compact itself has increased due to reduction
in 0.2 The details are shown in Table 1. Thus the analysis of
PL spectra already reveals significant reduction in expected QD
PL quenching. However, we do not have complete information
about the energy or charge transfer processes from these PL
spectra which are known to occur between these 0D-2D hybrid
materials. For this we next discuss the TRPL data collected on
the same systems as discussed above.

Fig. 4 shows the TRPL data of the QD in the QD-MosS,
monolayer hetero-structure. All data can be fitted with bi-
exponential functions. For the QD monolayer before ligand
exchange on SiO, the longer lifetime (amplitude) 7, is 5.8 ns
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v QD
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Fig. 4 TRPL data of the QD-MoS, monolayer hetero-structure along
with the instrument response function (IRF). All data were fitted with
bi-exponential functions as discussed in the ESI.
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(30%), while the shorter lifetime (amplitude) t, is 0.9 ns (70%)
with the total weighted average lifetime 7 of 4.5 ns. On MoS,
these values become t; = 4.4 ns (17%), 1, = 0.7 ns (83%), and ¢
= 2.8 ns, respectively. This decrease in lifetime along with the
decrease in PL intensity of QD PL on MoS, indicates non-
radiative energy transfer from the QD monolayer to MoS,. After
ligand exchange and a consequent reduction of é and d, t on
SiO, itself decreases to 1.4 ns with t; = 3.0 ns (10%), and 1, =
0.5 ns (90%). This indicates that the coupling between QDs has
significant influence on the lifetime. The lifetime further
decreases on MoS, after ligand exchange to 0.9 ns with 7; = 2.6
ns (5%), and 1, = 0.3 ns (95%). This decrease indicates the
enhanced nonradiative decay rate of the QD monolayer in the
hetero-structure after the ligand exchange. Table 2 shows the
lifetime details of QDs in the hetero-structure. The longer life-
time is usually associated with the intrinsic decay of the QDs
while the shorter lifetime can be associated with the interaction
between QDs or with the surrounding environment.”**® So the
shorter lifetime and its amplitude will be very sensitive to the
changes in the environment.

Two major non-radiative processes have been suggested to
occur in such 0D-2D hybrids* - Forster resonance energy
transfer (FRET) and charge transfer (CT). The nonradiative
energy transfer rate, I'rgrpr, for emitters on 2D materials like
graphene and MoS,, is related to the distance, d, as follows,>*®

Fewer ~ | alBe®EE: )

where «(E) is the absorption profile of MoS,, and g(E) is the
emission profile of the QDs. It is clear from eqn (1) that I'gggr is
expected to increase significantly with decreasing d and hence
a strong enhancement in I'rrgy is expected in our systems after
ligand exchange. Moreover, the broadening of the QD PL
spectra along with significant red shift after ligand exchange
could enhance the overlap with the MoS, absorption spectra.
This is also expected to further enhance I'ggrer in the ligand
exchanged system leading to stronger emission quenching.
However, this is not observed in our PL measurements as dis-
cussed earlier.

While there are several methods to estimate I'prpr We have
utilized a method which combines information from both the
PL and TRPL measurements following®

I

_— 2
Fr+rnr ()

IQD ~

I

_— 3
I't + I'ne + T'erer G)

Imos,—qD ~

Table 2 The lifetime of QDs in different cases. 7 is the total weighted average lifetime. Longer and shorter lifetimes are the extracted lifetimes
with corresponding contributions in brackets using the bi-exponential fitting

System Longer lifetime 7, (ns) Shorter lifetime 7, (ns) 7 (ns)

QD 5.8 £ 0.04 (30 % 2.0%) 0.9 £ 0.04 (70 + 3.0%) 4.56 + 0.05
QD-Lig 3.0 £ 0.04 (10 £ 1.0%) 0.5 £ 0.03 (90 £ 1.5%) 1.48 £ 0.01
MoS,-QD 4.4 +0.05 (17 £ 1.6%) 0.7 % 0.03 (83 + 2.0%) 2.76 + 0.07
MoS,-QD-Lig 2.6 £ 0.05 (5 + 0.5%) 0.3 % 0.03 (95 + 1.9%) 0.94 + 0.11

This journal is © The Royal Society of Chemistry 2020
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From the above expressions and using 1/(I'y + I'n;) = Tqp We
get

0-1

’EQD

(4)

FFRET =

For the TOPO capped QD monolayers, using the value Q =
2.12 £ 0.05 for longer capped QDs, from the above equation we
get T'pppr = (2.4 £ 0.08) x 10° s™'. Similarly after ligand
exchange, using the value Q = 1.43 £ 0.01 we get I'grgr = (2.8 =
0.04) x 10% s,

This slight increase in I'ergr is due to the decrease in d and
the increase in the spectral overlap after ligand exchange. But,
as discussed in eqn (1), I'zrer varies, as 1/d* according to eqn
(1). The center to center distance is calculated from the AFM
data (see ESI Fig. S77) of the QD film by taking the radius of QDs
which is ~ 3.5 nm before ligand exchange and ~2 nm after
ligand exchange with half the MoS, thickness (0.3 nm) being
added to these values. The ratio of 1/d* after and before ligand
exchange is ~7.4. Also the increase in the spectral overlap
should further increase the FRET rate in the system. However
the ratio of I'rrer after and before ligand exchange is only ~1.1,
which suggests that FRET is not the dominant energy transfer
process in our hetero-structures. This is surprising given the
spectral overlap.

It is well known that there are several conditions which need
to be satisfied for FRET to take place between emitters and 2D
semiconductors. Two of the main factors are spectral overlap
(absorption of MoS, and emission of QDs) and small separa-
tion. However, another key factor is related to the kinetics of
energy transfer. This involves comparison of the lifetime, 7, of
the QD and (I'eger) . Basically, © > (I'eger) ' for FRET to be
dominant. It is to be noted that 7, for our case, has two
components, 1; and 1, (Table 2). As mentioned earlier, the
longer lifetime, 74, is the intrinsic excitonic decay while the
shorter one, 7,, is due to the QD-QD interaction which is
dominant in our compact QD monolayer films. In fact, even for
pristine QD films the weight factor for 7, is ~70% and this
becomes even more dominant upon adding additional decay
channels due to interactions with MoS, or even upon ligand
exchange on SiO, leading to much shorter QD-QD lateral
separation and hence even stronger interactions. Clearly, in our
compact QD monolayer films t (1,) < (I'srer) ' While this
relationship might also hold for 7, it is definitely valid for t,,
which, in any case, is the dominant lifetime component. This
suggests that there are alternative processes which lead to
enhancement of decay rate.

However, since our QDs are core only it is possible that other
non-radiative processes can exist, especially charge transfer
(CT), as has been also suggested to occur in these systems.'***3*
Some indication of the presence of CT is also revealed from
analysis of the PL data of MoS,. For example, if we consider the
ratio Iirion/Iexciton fOr M0S, with the TOPO capped QD monolayer
on top we find it to be 1.18. We observe an increase in this ratio
from 1.18 to 2.08 after ligand exchange treatment of QDs on
MosS, suggesting an increase in CT. However, we did not observe
a significant change in the MoS, PL intensity suggesting that

3862 | Nanoscale Adv, 2020, 2, 3858-3864
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other, possibly, radiative processes might be in operation in the
hetero-structures. Nevertheless, if we consider that the CT is
present, the CT rate can be estimated using the expression:*

I'cr = ; - L7 (5)
TMoS,-QD QD

where I'cr is the CT rate, Tyos —qp is the total average lifetime of
QDs on MoS,, and 1qp is the total average lifetime of QDs on
SiO,. We find that before ligand exchange this rate is (1.4 £ 0.2)
x 10® s™" while after ligand exchange this increases to (3.9 +
0.07) x 10® s7*. These values are also consistent with enhanced
CT in our system after ligand exchange as predicted by the
Marcus theory. Conventionally the charge transfer rate
increases exponentially with decreasing the distance. The ratio
of CT after and before ligand exchange is expected to be e,/
e;~% = 4.51, however this ratio from the calculated CT rates is
2.7, suggesting that the CT rate might not be following the
Marcus theory. However, we now consider the shorter lifetime
component, 7,, to compare the CT rates since it is the dominant
time scale of relaxation of PL and is also most sensitive to the
QD interactions with its environment as discussed earlier. The
calculated CT rate from the above expression for 7, is (3.2 & 0.1)
x 10% s7' and (1.3 £ 0.2) x 10° s™* before and after ligand
exchange respectively. The ratio of CT rates after and before
ligand exchange turns out to be 4.16, which is close to e, %0e; 4
This suggests that the CT process is the dominant non-radiative
process (and not FRET) in our hybrid structures and the
d dependence of I'cr is reasonably consistent with the expo-
nential d dependence predicted by the Marcus theory, as seen
earlier." However, this does not explain the observed reduction
in PL quenching of QDs after ligand exchange on MoS,.

We now consider the effect of resonant radiative energy
transfer from the QD to MoS, due to the spectral overlap
between the QD and B exciton. In order to understand this
possible mechanism better we carefully fitted the PL spectra
with the combination of Lorentzian and Gaussian peak func-
tions. It is to be noted that (ESI Fig. S2T) pure MoS, PL spectra
can be well modeled with 3 Lorentzians corresponding to the A
exciton and trion and B exciton. On the other hand the QD PL
on SiO, which shows extrinsic broadening due to size dispersity
and thermal effects can be well fitted with a single Gaussian
peak fitting function (ESI Fig. S31). Fig. 5(a) shows the cumu-
lative fit of the full PL spectrum including that of MoS, and QDs
and also displays the individual fits to the A trion, exciton and B
exciton components as well as that due to the QD peak for the
TOPO capped QDs on MoS,, using 3 Lorentzians (MoS,)and 1
Gaussian (QD). It can be seen clearly that the intensity of the
trion component is higher than that of A and B exciton
components. Fig. 5(b) on the other hand shows the same fitted
components, as in Fig. 5(a), corresponding to the system after
ligand exchange. However, we could only fit the MoS,-QD
spectra satisfactorily with two Lorentzians (A exciton and trion)
and two Gaussians (B exciton and QD). It is clearly observed that
the B exciton intensity has increased compared to the other
components on the A exciton as well as the QDs. The I exciton/Is
exciton 1S decreased from 3.23 to 1.24 after transferring QDs onto
MoS,. This suggests that there is energy transfer between the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 PL data fitting for the QD-MoS, monolayer hetero-structure before and after ligand exchange: (a) fitting before ligand exchange shows
that the intensity of B excitons is lower than that of the QD, A exciton and trion. (b) After ligand exchange the fit shows that the intensity of B

excitons is higher than that of the QD, A trion and exciton.

QD and B exciton although we do not observe a similar decrease
in QD PL intensity. In fact the QD component of the PL spec-
trum cannot be well fitted with a single Gaussian (ESI Fig. S47)
as well indicating a strong overlap between the B exciton (2D)
and the QD exciton (0D). Thus coupled with the observation
that after ligand exchange the PL spectra can be fitted better
with 2 Lorentzians (MoS, A) and 2 Gaussians (QD + B), it is
suggested that a hybrid state (0D-2D) in this resonantly coupled
system is, possibly, formed with the B exciton and coupled QDs
exchanging energy coherently such that simultaneous
enhancement of B exciton intensity and strong suppression of
QD PL quenching take place.

4 Conclusions

In summary, we control the emission efficiency of core QDs in
the monolayers of the MoS,-QD hetero-structure using ligand
exchange treatment. At larger separations we observe quench-
ing of QD PL due to non-radiative processes, at smaller sepa-
rations we observe enhanced emission from QDs on MoS, as
compared to the larger d despite the presence of significant
non-radiative charge transfer. Interestingly, at small separa-
tions, we see evidence of strong dot-dot interactions and
a significant red shift of QD PL maxima which enhances spec-
tral overlap with the absorption of B excitons of MoS,. Despite
the increased probability of non-radiative resonant energy
transfer to MoS, from QDs due to increased spectral overlap as
well as that due to enhanced CT we find that the quenching of
the PL of QDs is significantly reduced as compared to longer
separations as well as to what would be expected from the non-
radiative processes. Concurrent with this reduced QD PL
quenching, the intensity of the B exciton of MoS, increases
significantly suggesting the possibility of coherent and resonant
radiative energy exchange between the 0D excitons in QDs and
the 2D B exciton in MoS,. We observe that the ligand exchange
is an effective technique to tune the nonradiative decay chan-
nels in the 0D-2D hetero-structure. Our study reveals inter-
esting nanoscale light-matter interaction effects which can
suppress the conventional quenching of QDs leading to
potential applications of these nanoscale devices in photonics.
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