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Exciton delocalization, a phenomenon in which spatial extension of the excitons spreads over aggre-
gates, has attracted significant attention in both academia and industry. Studies on exciton delocalization
focus mainly on dye molecules and organic conjugated solids because of their high binding energies.
Here, we report on exciton delocalization from inorganic MoS, quantum disks (QDs) functionalized
with diethylenetriamine (DETA). By increasing the QD concentration, a giant Davydov splitting with
an energy of up to 850 meV and an exchange narrowing with an exciton delocalization length up to sev-
eral tens of QDs are observed. Notably, exciton delocalization in amino-functionalized MoS, QDs can
be controlled by the DETA concentration. Amino-related bonding is suggested to modulate the Davydov
splitting. Understanding the mechanism of exciton delocalization in two-dimensional QDs is expected to
be useful and open up a route for the discovery of unique physical phenomena and the development of

as-yet unrealized devices.
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I. INTRODUCTION

Exciton delocalization, a phenomenon by which
delocalized electronic excited states are distributed over
spatially separated molecular aggregates, has attracted
considerable attention because of its fundamental inter-
est and potential applications [1-4]. Extension of the
delocalized excited states in molecular aggregates due to
intermolecular coupling can be described as a coherent
linear superposition of quantum-mechanical wave func-
tions in isolated molecules [5]. Thus, excitation occurs
in a quantum superposition of different molecular exci-
ton states, leading to electronic coherence in molecular
aggregates. The exciton delocalization found in molecu-
lar aggregates offers a noticeable impact on the electronic
and optical properties, which is different from those in iso-
lated molecules. For instance, a splitting of exciton states,
known as Davydov splitting, originates from the over-
lap of the delocalized wave function. This mechanism is
exhibited in absorption spectra [6—8]. The magnitude of
Davydov splitting depends on the intermolecular strength
of the interaction and the relative orientation in molecular
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aggregates. Also, strong intermolecular interactions reduce
the effect of homogenous spectral broadening. This reduc-
tion leads to an exchange narrowing of the exciton band,
which is attributed to the dynamic average of inhomoge-
neous broadening in exciton bands [9,10]. Accordingly,
the absorption peak in coupled molecular aggregates is
considerably narrower than that in the isolated molecules.
Exchange narrowing may occur in paramagnetic reso-
nance, J-band molecular aggregates, and other excitonic
transitions [9]. Other exciton delocalization effects, such
as J- or H- aggregate behavior and super-radiance are
also observed in molecular aggregates by absorption or
photoluminescence (PL) spectroscopies [11-17].

In inorganic semiconductors, some signatures of exci-
ton localization-delocalization are observed through the
Stokes shift or the temperature dependence of PL studies
[18-20]. However, no further investigations on Davy-
dov splitting and exchange narrowing have been reported
for these materials. Recently, two-dimensional (2D) semi-
conductors have attracted much attention, owing to their
peculiar physical properties and potential applications.
Because of their relatively heavy effective masses and
reduced dielectric screening, monolayered 2D semicon-
ductors build firmly bound excitons with binding ener-
gies of hundreds of meV [21], making them suitable for

© 2021 American Physical Society


https://orcid.org/0000-0002-6363-4903
https://orcid.org/0000-0002-6211-5247
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.15.024011&domain=pdf&date_stamp=2021-02-04
http://dx.doi.org/10.1103/PhysRevApplied.15.024011

DENICE N. FERIA et al.

PHYS. REV. APPLIED 15, 024011 (2021)

investigating Davydov splitting. Furthermore, an exciton
binding energy as high as about 1 eV can be produced
when the lateral dimension of these 2D semiconductors is
reduced to the nanoscale or synthesized as quantum disks
(QDs) [22]. In this manner, excitons are strongly localized
in QDs. When the QDs form a thin film, the aggregated
QDs can induce a strong coupling between localized exci-
tons in individual QDs and lead to exciton delocalization.
Therefore, 2D QDs provide an excellent platform to study
intriguing Davydov splitting and exchange narrowing.

In this study, we introduce an approach to alter inter-
disk coupling by adjusting the concentration of amine-
functionalized MoS,; QDs. Davydov splitting from the
amino-functionalized MoS, QD aggregates is observed
using photoluminescence excitation (PLE) and absorption
spectroscopies, demonstrating the exciton delocalization
effect in 2D transition-metal dichalcogenides (TMDs). The
energy of Davydov splitting can be easily controlled by
tuning the concentration of the amino-functionalized MoS,
QD solution (dilution) without requiring any other chem-
ical modification. With an increase in QD concentration,
a reduction of the line width in the PLE peak is also
observed, which reveals a strong exchange narrowing in
the exciton transition spectra. The Davydov splitting can
be as large as 850 meV, and the exchange narrowing can
reach an exciton delocalization length of up to several tens
of QDs. Furthermore, the effect of the diethylenetriamine
(DETA) concentration on interdisk coupling in MoS, QD
aggregates is analyzed. An understanding of exciton delo-
calization in 2D QDs is useful for practical applications in
optoelectronic devices [23-26]. For example, modulation
of the exciton absorption in MoS, QDs is advantageous
for making saturable absorbers, which is essential for gen-
erating ultrafast mode-locked laser pulses [25]. Also, the
tunability of exciton response in MoS, QDs is benefi-
cial for generating four-wave mixing processes, which can
be applied to frequency conversion, imaging, and optical
signal amplification [26].

II. EXPERIMENT

The DETA-functionalized MoS, solution is prepared
by dispersing 0.015 g of MoS; ultrafine flakes (Graphene
Supermarket) in 7 ml ethanol. Different molar concentra-
tions of DETA from 0.015 to 1.543M (Sigma Aldrich,
99%) are added to the prepared solution for the functional-
ization of MoS; QDs. After that, the mixture is ultrasoni-
cated for 30 min. A top-down process, namely, the pulsed
laser ablation (PLA) method, is used to synthesize the
MoS, QDs. In this process, an optical parametric oscilla-
tor (OPO) laser with a repetition rate of 10 Hz and fluence
of 2.58 J/em? is used to ablate the DETA-functionalized
MoS, precursor solution. The utilized pulsed laser is set
at an excitation wavelength of 415 nm and the synthe-
sis is set to 30 min during which time the sample is

concurrently mixed on a rotator stage at 80 rpm. The
samples are centrifuged for 2 h and filtered to become
amino-functionalized MoS, QDs. The QD concentration is
estimated according to the volume of a QD and the density
of MoS, [27].

The structural properties of DETA-functionalized MoS,
QDs are observed using transmission electron microscopy
(TEM) on a JEOL JEM-2100F system with an oper-
ating voltage of 200 kV. Additionally, x-ray photoelec-
tron spectroscopy (XPS) on a Thermo Scientific K-Alpha
ESCA instrument, equipped with a monochromatic Al K«
x-ray source at 1486.6 eV, is carried out to analyze the
chemical-bonding components of DETA-functionalized
MoS; QDs. Ultraviolet-visible spectroscopy (UV-vis) is
evaluated using a Jasco V-750 spectrophotometer [using
a photomultiplier tube (PMT) with spectral resolution of
approximately 0.5 nm]. PL and PLE are measured using a
FluoroMax-4 spectrofluorometer (Horiba Scientific) with
emission bandwidths of 2 and 3 nm, respectively, result-
ing in a spectral resolution of about 0.5 nm. The PL and
PLE measurements are carried out with a 0.2 x 1 cm?
quartz cuvette using a 150-W ozone-free xenon lamp with
a power density of 2.5 mW/cm? as the excitation source.
The excitation (emission) wavelength is set at 360 nm
(450 nm) for PL (PLE) measurements. The luminescence
is collected through a grating (1200 gr/mm blazed at
500 nm) with a 90° geometry and detected with an R928P
PMT with an integration time of 1 s. All of the optical
measurements are carried out at 300 K.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the TEM image of QDs synthesized
after pulsed laser ablation, indicating a monodisperse dis-
tribution. The high-resolution (HR) TEM image shown in
Fig. 1(b) reveals that the MoS, QDs have a lattice spac-
ing of about 0.27 nm, which corresponds to the interplanar
distance of djo9 in MoS; [28]. Figure 1(c) displays the
results of the statistical analysis of the TEM images, which
gives a Gaussian distribution with an average size of about
4.5 nm. Based on atomic force microscopy (AFM) mea-
surements (not shown), the thickness of the MoS; QDs is
found to be about 4.5 nm. This thickness corresponds to
about seven monolayers of MoS,, since the thickness of a
monolayer is about 0.65 nm, including a three-atom-thick
S-Mo-S layer (thickness = 0.301 nm) and a van der Waals
gap (thickness = 0.314 nm) [29].

The Mo region of XPS is investigated and displayed
in Fig. 2(a). The binding energies at about 228, 231,
and 235 eV correspond to Mo** 3ds/», Mo*" 3ds,,, and
Mo®" 3ds 5, respectively [30]. On the other hand, Fig. 2(b)
demonstrates the S region of XPS, revealing binding ener-
gies at 162, 163, and 168 eV, corresponding to S*~ 2p3)»,
S2~ 2p1 2, and S** peaks, respectively [31]. Also, DETA
is found to be attached to the MoS,; QDs due to the
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FIG. 1. (a) TEM image, (b) HRTEM image, and (c) size
distribution of amino-functionalized MoS; QDs.

peak present that is attributed to the N—Mo bond at
about 399 eV, as shown in Fig. 2(c) [32]. Figure 3 shows
that the MoS, QDs synthesized with different concen-
trations of DETA reveal blue luminescence under UV
light with a power density of 720 £W/cm?. This reflects
that the use of pulsed laser ablation in producing the
DETA-functionalized MoS, QDs is successful.
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FIG. 2. (a) Mo 3d, (b) S 2p, and (c) N-Mo XPS spectra of
amino-functionalized MoS, QDs.

FIG. 3. Optical photographs of different amino-functionalized
MoS; QDs under UV light [DETA concentration changes from
0 to 1.543M (left to right)].

To observe exciton delocalization, it is essential to con-
trol the intermolecular distance in aggregates. One way
to adjust the distance between QDs is to change the QD
concentration [33]. With an increase in QD concentration,
the average distance between neighboring QDs decreases.
This could modify the exciton coupling between QDs.
Figure 4 shows the optical absorption spectrum of amine-
functionalized MoS; QDs at various QD concentrations.
The optical absorption spectrum exhibits an absorption
peak near 3.45 eV and a steplike absorption band near
4.25 eV, which can be assigned as the 4-exciton peak and
quasiparticle continuum states, respectively [21,22]. As the
QD concentration increases, the absorption peak at about
3.4 eV broadens and a plateaulike region is formed for QD
concentrations of 5.9 and 8.9 uM. The absorption peaks
observed consist of several unresolved components.

Traditionally, absorption spectroscopy is a convenient
and sensitive technique to determine the exciton absorp-
tion in luminophores. An alternative way to provide
information on the exciton absorption is through PLE
spectroscopy. Figure 5(a) describes the PL, PLE, and
absorption spectra of amino-functionalized MoS, QDs
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FIG. 4. Optical absorption spectra of amino-functionalized
MoS; QDs [DETA concentration =0.463M] in different QD
concentrations.
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with a QD concentration of 475 nM. The PL, which is indi-
cated by the solid line, displays two main peaks around
2.7 and 2.8 eV, which are attributed to excitons bound
to different defects and/or surface states (DX states) [22].
The corresponding PL spectra of amine-functionalized
MoS, QDs with different QD concentrations are shown
in Fig. 5(b). These results show that the PL intensity
of MoS; QDs decreases with increasing QD concentra-
tions. The decrease in PL intensity could be due to the
exciton delocalization process (exciton coupling) between
nearest-neighbor QDs [34]. However, the PL peak posi-
tions remain unchanged. On the other hand, the PLE spec-
trum of the amine-functionalized MoS; QDs is described
by monitoring the emission energy at 2.75 eV. This reveals
a main peak at about 3.4 eV and a small peak at about
4.55 eV. The absorption spectrum of the same sample is
also displayed in Fig. 5(a) for comparison. The peaks at 3.4
and 4.55 eV in the PLE spectra match the 4-exciton peak
and quasiparticle continuum states in the absorption spec-
trum, respectively. Because of this, PLE is an alternative
tool that can be used to investigate the exciton transition in
MoS; QDs.

Figure 6(a) displays the PLE spectra of amine-
functionalized MoS; QDs at different QD concentrations.
The PLE peak observed at 3.4 eV is independent of the QD
concentration of 712 nM. However, beyond a QD concen-
tration of 712 nM, the broad exciton peak at 3.4 eV begins
to split into two components: a redshifted intense peak and
the other blueshifted weak peak. Splitting of the exciton
peak becomes increasingly pronounced during an increase
in the QD concentration. The two split peaks are observed
above a concentration of 1.2 uM. Using Gaussian func-
tions, the PLE spectrum of amine-functionalized MoS;
QDs can be fitted with two peaks, as shown in Fig. 6(b).
Compared with the absorption spectra (Fig. 4), the PLE
spectra reveal much better resolution, while detecting the
exciton peak splitting. Figure 6(c) shows the energies of
the exciton peaks as a function of QD concentrations,
which indicate an increase in energy splitting together
with the QD concentration. An energy splitting as high as
850 meV is achieved at a QD concentration of 8.9 uM, as
shown in Fig. 6(d). This energy splitting (Davydov split-
ting) not only demonstrates exciton delocalization in the
amino-functionalized MoS, QDs due to exciton coupling
between QDs, but also proves that the PLE technique is
a very powerful tool to detect excitons in the QD aggre-
gates. The Davydov splitting mechanism observed in the
PLE spectra is more pronounced than that of the absorp-
tion spectra due to the many transitions involved in the
absorption processes, which are not able to generate radia-
tive recombination. Therefore, the absorption spectra are
broader than the PLE spectra, which cannot be used to
distinguish the Davydov splitting.

The Davydov splitting of the absorption band in PLE
can be ascribed to exciton-exciton coupling between
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FIG. 5. (a) Optical absorption, PL, and PLE spectra of amino-
functionalized MoS, QDs at a QD concentration of 475 ni.
Excitation (emission) wavelength is set at 360 nm (450 nm) for
PL (PLE) measurements using an ozone-free xenon lamp with
a power density of 2.5 mW/cm?. All of the optical measure-
ments are carried out using a PMT detector and performed at
300 K. (b) PL of amine-functionalized MoS, QDs at different
QD concentrations (DETA concentration = 0.463M).

nearest-neighbor QDs in close-packed proximity. This
splitting of excitons is generally attributed to the dipole-
dipole interaction between two luminophores [35]. Most
of the Davydov splitting due to exciton delocalization
is reported in organic materials, such as dye molecules
and conjugated solids [16,35]. Here, we demonstrate giant
Davydov splitting in an inorganic semiconductor system.
This giant Davydov splitting can be attributed to the results
arising from the large exciton binding energy (approxi-
mately hundreds of meV), which allows the existence of
an exciton at room temperature. In Fig. 6(a), the inten-
sity of the redshifted peak is much larger than that of
the blueshifted peak, indicating that the interdisk cou-
pling in our system is mostly of J-type aggregate behavior
[36]. Figure 6(d) shows the energy splitting of excitons
in the amino-functionalized MoS, QDs as a function of
the QD concentration. The splitting magnitude is evidently
enhanced as the QD concentration increases from 0.36 to
2.97 uM, but it saturates gradually as the concentration
exceeds 3.6 uM. Thus, the energy splitting, Ae, can be
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FIG. 6. (a) PLE spectra of amino-functionalized MoS,

QDs for different QD concentrations with DETA concentra-
tion=0.463M. (b) Example of Gaussian fitting used for the
analysis of PLE peaks. (c) Energy position of PLE peaks (lines
are guides to the eye and black data points are peaks of the split-
ting). (d) Energy splitting of the exciton peak for different QD
concentrations. Dashed line displays fitted linear curves from
Eq. (2), while solid line demonstrates fitted curves based on
Eq. (3) with = 1.05 nm and o = 0.60 uM ",

analyzed based on a molecular exciton model [35,37,38]:
Ae o r3, (1)

where r is the distance to the nearest neighbor. Assum-

ing that the QDs are expanded in a uniform cubic lattice
and the number of nearest neighbors remains constant, r
can be associated with the QD concentration, C, through
r o« C~1/3 [39]. Then, the value of Ae can be related to C
through the following relation:

Ae « C. )

The dashed line in Fig. 6(d) displays the linear curve
fitted using Eq. (2). The experimental Davydov splitting
with increasing C from 0.36 to 2.97 uM agrees well with
the above relation. However, after C exceeds 2.97 uM, the
Davydov splitting converges toward its saturation value.
Intuitively, one should not expect that the Davydov split-
ting will continuously increase directly with C without
limitation. Hence, there exists a shortest distance of QD
nearest neighbors, 7y, Which could be due to blockage
of the surface functional groups or the repulsive force
in-between the QDs when they are very close to each
other. Indeed, saturation of the Davydov splitting for a
large number of organic conjugated chains has also been
reported in previous studies [17].

To describe the abovementioned saturated effect of
Davydov splitting, a simple physical model is used to con-
struct exciton coupling for different QD concentrations. In
a molecule-coupling system, the coupling strength can be
related to the number of (coupled) nearest neighbors [38].
We suggest that the coupling strength at high C will decay
with C because » cannot decrease without limitation. By
assuming that the decay rate of the coupled QD number,
N, in a given C (—dN/dC) is proportional to the num-
ber of existing coupled QDs (), this leads to a relation
of —dN/dC = aN, where « is a proportionality parameter.
After integration, the coupling strength (N) to C is repre-
sented by e~%C. According to this underlying mechanism,
we propose a new empirical formula based on Eq. (1) and
consider the saturated coupling effect (e %C) to meet the
realistic Davydov splitting as a function of C:

Ae ocrs (1—e®0), A3)
where 7y, is the minimum distance of the nearest-neighbor
QD and « is a parameter to modify the decay of exci-
ton coupling. Using Eq. (3), with 7p,,=1.05 nm and
a =0.60 uM ™", the energy splitting is displayed as a solid
line in Fig. 6(d). When C is small, the value of e~ is
about 1 —aC and Ae¢ corresponds to the result from Eq. (1).
On the other hand, when C is large, the value of e™*C is
about zero and Ae approaches a constant. Thus, Eq. (3)
reproduces the equation of Davydov splitting as a function
of C quite well.

In Fig. 7(a), the line width of the split redshifted peak
(~3.1 eV) is reduced with increasing QD concentration.
The reduction in the exciton line width is also an effect of
exciton delocalization because of strong coupling between
QD aggregates. The coupled exciton delocalizes over
many sites of QDs and induces an average inhomogeneous
broadening, leading to the so-called exchange narrowing
[10]. According to the model of spatially uncorrelated
Gaussian diagonal disorder, exchange narrowing reveals a
C~1/2 dependence of the line width in an absorption band
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FIG. 7. (a) Line-width narrowing measurements as a function
of C1/2, Values are extracted from the FWHM of the redshifted
peak found in Fig. 6(a) of amino-functionalized MoS; QDs. (b)
Exciton delocalization length as a function of QD concentration
(DETA concentration = 0.463M).
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[9]. Upon measuring the narrowing in terms of line width,
the full width at half maximum (FWHM) is obtained from
the PLE measurements. Thus, we plot the C~'/? depen-
dence of the FWHM of the redshifted peak (~3.1 eV)
extracted from Fig. 6(a), as shown in Fig. 7(a). The mea-
sured FWHM agrees well with the linear dependence of
C~'72, proving exchange narrowing and exciton delocal-
ization in the amino-functionalized MoS, QDs. After that,
we can estimate the exciton delocalization length (i.e., the
number of molecules over which the exciton is coherently
delocalized) from the exciton line width. The exciton delo-
calization length is associated with competition between
exciton coupling and environmental static disorder [40].
According to the line width of the J band, the exciton
delocalization length is approximated using [41]

3 ( AVmon 2
Nget = = _1, 4
del 2( A, ) 4)

where Av o, is the line width (FWHM) of the monomer of
the absorption band and Av; is the line width of the J band.
By extracting the FWHM from Fig. 6(a), the values of N 4
in the amino-functionalized MoS,; QDs as a function of
QD concentration are obtained, as displayed in Fig. 7(b).
The calculated value of N is found to be proportional to
the QD concentrations. This indicates that more QDs may
provide more opportunity for a QD to couple with others,
causing the coupled exciton to extend over more sites in the
QD aggregates. N g attains the highest value of 39 QDs,
which reveals a high degree of ordering of aggregates at
room temperature [41].

Figure 8(a) shows the Stokes shift at various QD con-
centrations, indicating a decrease in Stokes shift as a
function of QD concentration. The Stokes shift is obtained
by calculating the energy difference between the threshold
energy of the absorption spectrum and the emission energy
of PL. Combined with the results in Fig. 7(b), a decrease
in the Stokes shift corresponds to a decrease (increase) in
exciton delocalization (localization). From an earlier study,
the Stokes shift is found to decrease with an increase of the
emission energy in (In, Ga)N epilayers, which corresponds
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FIG. 8. (a) Stokes shift and (b) calculated coefficient of pro-

portionality of the amino-functionalized MoS, QDs at various
QD concentrations.

to a decrease in exciton localization [42]. The result for our
QDs is thus in good agreement with studies on (In, Ga)N
epilayers. Also, the Stokes shift can be a rough indica-
tor of sample quality in 2D semiconductors as well [18].
Considering the topographical theory of the exciton spec-
tra, the coefficient of proportionality between the Stokes
shift and exciton absorption line width is demonstrated
to be about 0.553 [18]. In our case, the Stokes shift (the
FWHM of absorption) is about 340 meV (550 meV) at
the lowest QD concentration (712 nM). Thus, the coef-
ficient of proportionality at the lowest QD concentration
is about 0.61, which is comparable with the topographical
theory of exciton spectra (0.553). However, the coefficient
of proportionality decreases to about 0.27 as the QD con-
centration increases to 8.9 uM, as shown in Fig. 8(b). We
deduce that the decrease in proportionality is due to the
presence of Davydov splitting, which broadens the peak in
the absorption spectrum and misrepresents its FWHM.

To gain a better understanding of exciton delocalization
in amino-functionalized MoS, QDs, we investigate the
behavior of DETA concentration on the Davydov splitting.
Figure 9 shows the PLE spectra of amino-functionalized
MoS, QDs of different DETA concentrations under the
chosen QD concentrations of 712 nM, 2.4 uM, 4.5 uM,
and 8.9 uM. Other information regarding absorption, exci-
ton energy, Davydov splitting, and exciton delocalization
length of the amino-functionalized MoS, QDs in varying
DETA concentrations are presented in Figs. S1-S3 within
the Supplemental Material [43]. It is shown in Fig. 9(a)
that the PLE exciton peaks found at the lowest QD con-
centrations do not exhibit Davydov splitting at all. Spectral
broadening is only shown toward the high energy side. On
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FIG. 9. PLE spectra of the exciton peak in amino-

functionalized MoS, QDs as a function of DETA concentration
at different QD concentrations of (a) 712 nM, (b) 2.4 uM,
(c) 4.5 uM, and (d) 8.9 uM.
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the other hand, as shown in Figs. 9(b)}-9(d), the single exci-
ton peak in PLE is split into two Davydov components and
produces a pronounced spectral narrowing when there is a
higher DETA concentration. Also, the splitting magnitude
increases evidently as the DETA concentration increases
from 0.077 to 0.771M. This indicates that the DETA con-
centration of amino-functionalized MoS, QDs plays an
important role in the formation of Davydov splitting.
Here, we try to explain the influence of DETA
concentration on exciton delocalization of the amino-
functionalized MoS, QDs. Without DETA treatment, the
pristine MoS, QDs attract each other through weak van der
Waals force when they are nearby. This leads to a weak
J-type aggregate, which corresponds to and explains the
experimental result for the pristine MoS, QDs. However,
surface-ligand functionalization on MoS; monolayers can
produce the intrinsic dipole of the ligand itself and induce
a dipole at the ligand-MoS,; interface [44]. When DETA
begins to be introduced into the MoS, QD (DETA con-
centration = 0.077M), the amino group from DETA can
bind to MoS; QDs through sulfur vacancies and induce
charge transfer, which causes p-type doping of MoS,
QDs and creates a permanent dipole on the QD surface
[45]. Therefore, the coupling in QDs would be enhanced
because hydrogen bonds can be formed between amino
groups, as described in Fig. 10(a). Furthermore, exchange
narrowing of the exciton peak also appears due to the
strong J-type aggregates. Finally, when the DETA con-
centration is increased further (0.231-0.771M), it gives
the amino groups more opportunities to connect in differ-
ent directions. When the transition dipoles of QDs have
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FIG. 10. Schematic representation of the transition dipole cou-
pling for (a) J-type aggregates (head-to-tail stacking), and (b) the
combination of H-type (parallel stacking) and J-type aggregates
in amine-functionalized MoS, QDs. Blue arrow represents the
transition dipole moment of MoS, QDs. Meanwhile, the amine
group (on MoS; QDs) can bind to adjacent amine groups via
hydrogen bonding (red dotted line).

em===liquid MoS,QDs
=== drop-casted MoS,QDs

PLE intensity (arb. units)

3.0 35 4.0 4.5
Energy (eV)

FIG. 11. PLE spectra of amine-functionalized MoS, QDs (QD
concentration = 3.6 uM and DETA concentration = 0.463M) in
the liquid (red) and solid state (black).

the chance to be oriented parallel, the exciton energy
shifts towards the high-energy side, indicating an H-type
aggregate, which causes the blueshifted peaks. The amino-
functionalized MoS; QDs develop head-to-tail and parallel
stacking when combined with J-type and H-type aggre-
gates [Fig. 10(b)]. Thus, Davydov splitting of the exci-
ton peak in QDs is generated, as shown in Figs. 9(c)
and 9(d). This explains the variation of exciton peaks
in the amino-functionalized MoS, QDs by changing the
DETA concentration from 0.231 to 0.771M. Consider-
ing the above results, the DETA concentration can be
used to control the degree of exciton delocalization in the
amino-functionalized MoS; QDs.

Recently, the alignment of the J aggregates of
a uracil-functionalized BODIPY (boron-dipyrromethene)
was implemented in a solid thin film [46]. It is thus desir-
able to investigate the effect of polarization on the Davy-
dov splitting in the solid phase. Figure 11 shows the PLE
spectra of amine-functionalized MoS, QDs in the liquid
(red) and solid (black) states. The two Davydov compo-
nents observed originally in the liquid state disappear after
the QDs are cast on the glass substrate. The disappearance
of Davydov splitting can be associated with changes in the
environmental dielectrics. In TMD materials, the strength
and form of excitons are very sensitive to the surrounding
dielectrics [47]. Therefore, the variance in the screening
effect from the dielectrics in the substrate (glass) greatly
influences coulombic interactions in the solid-state MoS,
QDs. This leads to a reduced excitonic interaction and,
hence, to the disappearance of Davydov splitting.

IV. CONCLUSION

In this study, exciton delocalization in amino-function-
alized MoS; QD aggregates is investigated by using
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absorption and PLE spectra. Compared with the absorp-
tion spectra, the PLE spectra are found to be more sensitive
for detecting the exciton transitions with radiative recom-
bination in QD aggregates. A giant Davydov splitting as
large as 850 meV and an exchange narrowing equivalent
to a delocalization length occurring over several tens of
QDs are observed at room temperature. The dependence of
exciton delocalization in the amino-functionalized MoS,
QDs on the DETA concentration is also investigated. Also,
the stacking of QDs exhibits strong J-type aggregates
for amino-functionalized MoS; QDs. For higher DETA
concentrations (0.231-0.771M), a Davydov splitting of
exciton peaks appears due to the head-to-tail and parallel
stacking of QDs. Our results not only show that surface
functional groups can play a decisive role in the generation
of exciton coupling in 2D QD aggregates, but also pro-
vide a feasible manner to manipulate the coupling strength.
This demonstration of exciton delocalization in inorganic
semiconductors is expected to pave the way for the discov-
ery of many interesting physical phenomena in different
electronic and optical devices.
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