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The low quantum yield (�10�5) has restricted practical use of photoluminescence (PL) from MoS2

composed of a few layers, but the quantum confinement effects across two-dimensional planes are

believed to be able to boost the PL intensity. In this work, PL from 2 to 9 nm MoS2 quantum dots

(QDs) is excluded from the solvent and the absorption and PL spectra are shown to be consistent

with the size distribution. PL from MoS2 QDs is also found to be sensitive to aggregation due to

the size effect. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922551]

Two-dimensional nanosheets comprising layered transi-

tion metal dichalcogenides (TMDs) such as MoS2, MoSe2,

WS2, and WSe2 have drawn a great deal of interest due to

their intriguing fundamental and technological properties.1,2

TMDs are attractive in a variety of applications, for example,

MoS2 nanostructures as electrocatalysts in hydrogen evolu-

tion3 as well as electrodes in supercapacitors4 and Li-ion bat-

teries.5 MoS2 has a layer-dependent bandgap that changes

from indirect (1.29 eV) to direct in a single layer (1.9 eV)

and the photoluminescence (PL) quantum yield (QY)

increases with decreasing thickness.6 With regard to MoS2

containing a few layers, the PL QY is on the order of

10�5–10�6. Only when the sample approaches the mono-

layer limit can the QY reach 4� 10�3.6 Consequently, PL is

usually too weak to be detected by a laboratory spectrometer

and a confocal microscopy is often necessary6–14 thus mak-

ing it difficult to utilize the weak PL in practice.

MoS2 with small planar dimensions (also called quan-

tum dots (QDs)) have been reported to exhibit excitation-

dependent PL with wavelengths in the range of 400–600 nm,

and it is strong enough to be detected by a laboratory spec-

trometer.15–21 Although monitoring the PL has applications

in the detection of glucose,15 DNA,21 and 2,4,6-trinitrophe-

nol,18 previously reported PL signals have been ambiguous

and unreliable. The PL peak position should blue-shift com-

pared to big MoS2 sheets due to the quantum confinement

effects (QCE) across 2D planes.15 It is well known that the

bandgap caused by QCE depends on the size, that is, the

smaller the size, the bigger the energy gap.22,23 However, the

observed PL peak always appears in the visible range

although the size distributions vary from several nano-

meters16 to tens of and even a hundred nanometers.15,17,19,20

The excitonic Bohr radius of MoS2 is about 2.0 nm (Refs. 24

and 25) and it is thus unreasonable to consider the QCE for a

planar size as large as tens of nanometers. This has been

verified by absorption spectra.16,17,20 The bulk MoS2 shows

well-defined features having two excitonic transitions, one

(band A) at �670 and the other (band B) at �620 nm with an

energy separation of �0.20 eV, due to the spin-orbit splitting

of the top of the valence band at the K point.6,22 These exci-

tonic transitions should also blue-shift or exhibit other

changes in the quantum size regime.22 The unaltered absorp-

tion features reported so far16,17,20 suggest that the QCE is

negligible but it is contradictory to the PL results.

Additionally, as shown by Seo et al.,21 MoS2 QDs are usu-

ally suspended in an N–methylpyrrolidinone (NMP) solution

which itself produces similar PL between 400 and 550 nm

(Ref. 29, Fig. S1) and hence, results acquired in the presence

of the solvent can be quite confusing.

FIG. 1. (a) Low-magnification TEM image of the MoS2 QDs. The inset

shows the size distribution. (b) and (c) High-resolution TEM images of two

typical MoS2 QDs.

a)Authors to whom correspondence should be addressed. Electronic

addresses: hkxlwu@nju.edu.cn and paul.chu@cityu.edu.hk.
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Herein, we report PL from MoS2 with obvious indica-

tion of the quantum confinement effects across two-

dimensional planes. The ultra-small MoS2 quantum dots

with a planar size of about 5 nm are prepared by a liquid

exfoliation technique. The bandgap distribution derived by

the semi-empirical effective-mass approximation model is

found to be consistent with the absorption spectra.

Excitation-dependent PL is observed and the PL peak posi-

tion is in good agreement with the size distribution. The

small QDs aggregate after remaining in the solution for sev-

eral days and afterwards, the maximum emission red-shifts

by about 60 nm and the PL excitation (PLE) spectra moni-

tored at the same wavelength move to the red side. Our

results reveal that PL from MoS2 QDs arises from the size

effect.

The MoS2 QDs were prepared using a simple liquid

exfoliation technique. 400 mg of commercial MoS2 micro-

crystals (Aladdin, 18 000 mesh) were dispersed in a mixture

containing 45 ml ethanol and 55 ml water. The dispersion

was treated by a 6 mm diameter probe sonic tip (XO-SM50,

25 kHz) at 250 W for 1 h and underwent sonication (40 kHz

and 100 W) in a bath for 3 h. The MoS2 QDs were collected

by centrifugation at 10 000 rpm for 15 min. Afterwards, the

solvent was evaporated in a vacuum oven at 45 �C and the

solid MoS2 QDs were re-dispersed in water to about

0.1 mg/ml. For comparison, MoS2 nanoflakes (NFs) were

prepared by the same method but without probe sonication

and collected by centrifugation at 5000 rpm for 5 min.

Transmission electron microscopy (TEM) was performed on

a JEOL JEM-200CX electron microscope and the Raman

spectra were acquired on a T64000 triple micro-Raman sys-

tem. The absorption spectra were acquired on a Shimadzu

UV-3600 UV-Vis-Near-infrared (NIR) spectrophotometer.

PL measurements were conducted on an Edinburgh FLS-920

PL spectrometer and X-ray photoelectron spectroscopy

(XPS) was carried out on a PHI 5000 VersaProbe.

Fig. 1 depicts the TEM image of the MoS2 QDs pre-

pared by the combination of probe- and bath-sonication. The

size varies between 2 and 9 nm and the most probable size is

about 5.2 nm (inset of Fig. 1). The lattice fringe spacings of

0.27 and 0.20 nm observed from the high-resolution TEM

images of two typical QDs match well the (100) and (006)

lattice planes of MoS2 (Figs. 1(b) and 1(c)), respectively,

implying that the highly crystalline structure is retained after

the treatment.15 The MoS2 NFs fabricated by simple bath-

sonication have a larger planar size of about tens of nano-

meters. The corresponding TEM image is shown in Fig. S2

(supplementary material),29 and the micro-Raman spectra

are presented in Fig. S3 (supplementary material). The

Raman scattering data confirm that both the MoS2 QDs and

NFs contain only a few atomic layers and thus the enhanced

PL shown below is not due to the monolayer limit.

The bandgap of a semiconductor increases when its size

approaches the excitonic Bohr radius. According to the

effective-mass approximation, the size dependence of the

bandgap can be derived by the following equation:23,26

E� ¼ Eg þ
h2

8lr2
� 1:8e2

4e0er
:

The reduced mass of exciton, l, is 0.16mo, where mo is the

free-electron mass, h is the Plank’s constant, Eg is 1.29 eV,

and the dielectric constant is about 6.8.25,27 The particle size

versus energy gap is plotted in the inset of Fig. 2(a).

According to the size distribution, the distribution of

bandgap can be obtained (Fig. 2(a)) and the most probable

bandgap is estimated to be 3.8 eV, which is much larger than

the bulk bandgap of 1.29 eV.

The absorption spectra of pristine MoS2 microcrystals,

NFs, and QDs are presented in Fig. 2(b). The QD solution

prepared freshly looks blue but becomes transparent after

several days as shown in the insets of Fig. 2(b). Four charac-

teristic excitonic absorption bands (A, B, C, and D) can be

resolved from the spectrum of the MoS2 microcrystals.

Besides the aforementioned A and B bands, the C and D

bands are direct excitonic transitions from the deep level in

the valence band to the conduction band at the M point of

the Brillouin zone.22 The spectral features of NFs are quite

similar suggesting that the electronic structures hardly

change. However, when the microcrystals morph into QDs,

the absorption spectra change radically. The excitonic peaks

disappear and the band edge shifts to a shorter wavelength.

These results have not been observed previously.15,21 The

band-to-band transition is enhanced substantially due to

quantum confinement and becomes predominant compared

FIG. 2. (a) Bandgap distribution obtained by the effective-mass approxima-

tion according to the size distribution shown in Fig. 1(a). The inset plots the

relationship between the QD size and bandgap. (b) Absorption spectra of the

MoS2 microcrystals, NF, QDs (blue), and QDs (no color). The photographs

of the NF, QD (blue), and QD (no color) solutions are also shown in the

insets.
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to the excitonic transition. Furthermore, the band edge posi-

tion (�330 nm) agrees well with the bandgap estimated by

the effective-mass approximation model. The band edge

moves to �380 nm when the blue QD solution becomes

colorless.

Obvious PL signals are observed from both the blue and

colorless QD solutions on a simple PL spectrometer using a

Xe lamp as the excitation source. The PL QY of the QD so-

lution is determined to be about 0.3%, which is very close to

that of a MoS2 monolayer.6 In contrast, no reliable PL signal

can be obtained from the pristine microcrystals and NFs

under the same experimental conditions. Figs. 3(a)–3(c) and

Figs. 3(d)–3(f) depict the emission maps as well as PL and

PLE spectra of the two types of QDs, respectively. The maps

show that the emission depends on the excitation wave-

length. As shown in Fig. 3(b), the strongest emission appears

at about 400 nm when the excitation wavelength is 340 nm.

The PLE also varies with the monitored emission wave-

length. These characteristics are typical of size-dependent

PL.23 The short wavelength excites small QDs with wide

band gaps giving rise to emission at short wavelengths,

whereas the longer wavelength excites emission of longer

wavelengths. Thus, the emission peak moves as the excita-

tion wavelength is varied as a result of the QCE. The PLE

maximum peak position, absorption band edge, and size dis-

tribution are consistent with each other thus furnishing clear

evidence of the size effect and complementing previous

results.15–21 The PL and PLE spectra acquired from the col-

orless QDs also vary with excitation or monitoring emission

wavelengths. The maximum emission wavelength is about

460 nm and corresponding excitation wavelength is 380 nm

being consistent with the absorption spectrum (Fig. 2(b)).

To gain insight into the PL spectral red-shift from the

colorless QD solution, XPS is performed to determine the

chemical states on the surface of the two types of QDs. The

corresponding results are shown in Fig. S4 (Ref. 29). There

is no essential difference in the valence states between the

two types of QDs indicating that the surface states do not

alter significantly during storage. Moreover, the XPS surface

scans reveal no impurities (Ref. 29, Fig. S5) and so the

observed PL cannot be attributed to transitions related to

metal ions.

Aggregation is the most probable phenomenon during

storage of the QDs. As shown in Fig. 4(a), the smaller QDs

(blue balls shown in the dashed box) coalesce due to the

large surface energy. Consequently, the most probable size

increase and the maximum emission red-shift from 400 to

460 nm can be explained. Fig. 4(b) presents the monitored

emission wavelength versus the PLE peak position. The PLE

peaks of blue QDs are located at shorter wavelengths when

the monitored emission wavelengths are the same. On

account of the quantum size effect, the bandgap distribution

depends on the size distribution. The PLE peak position

reflects the bandgap, and therefore, the observed PL differ-

ence between the two types of QDs can be attributed to the

size effect. Moreover, as shown in Figs. 4(a) and 4(c), when

the monitored emission wavelength is long enough, the

smaller QDs with a wider bandgap are excited as indicated

by the PLE spectra and thus the size range can be estimated

from the PLE spectra. For example, as shown in Fig. 4(c),

the horizontal axis of the traditional PLE spectrum (wave-

length, photon energy) is related to the corresponding size by

the relationship shown in the inset of Fig. 2(a). When the

emission is fixed at 520 nm, with regard to the blue QD solu-

tion, the QDs of 4.5 to 7 nm in size are excited. Concerning

the colorless QD solution, the size range changes to

5.25–7.25 nm, suggesting that the QDs smaller than 5.25 nm

have coalesced with others. This confirms the QCE in the

MoS2 QDs as well as aggregation. Since it is difficult to

monitor the size variation in such a small range by TEM, a

theoretical analysis based on the surface free energy is per-

formed to elucidate the aggregation. The total surface free

energy can be expressed in terms of the surface free energy

(Sscs) from the edge of the nanocrystal (NC) surface and

interfacial free energy (Sici) due to aggregation by the fol-

lowing relationship:28

FIG. 3. Emission maps as well as PL and PLE spectra acquired from the blue (a)–(c) and colorless QD (d)–(f) solutions.
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E ¼ Sscs þ Sici ¼ 4pR2cs þ pr2ci ;

where R and r are the NC radius and interfacial area radius

between aggregated NCs, respectively, and cs and ci are the

surface energies which are 0.35 J/m2 (calculated by density

functional theory (DFT) methods, Ref. 29, Fig. S6). The

temperature-induced energy can be expressed as E¼mCT,

where C is the specific heat capacity of MoS2 which is

4.80 g/cm3, m is the mass of the MoS2 NCs which is about

3:14� 10�19 g calculated according to the size of the NCs,

and T is the temperature of the solution. The calculated surface

energy of a 5.3 nm MoS2 NC is consistent with the energy at

room temperature (300 K). Therefore, NCs smaller than 5.3 nm

aggregate readily thus explaining the PLE phenomenon.

In summary, MoS2 QDs of 2 to 9 nm in size are fabri-

cated in a mixture of water and ethanol and after excluding

the contribution of the solvent, unambiguous PL is observed.

The consistency of the PLE maximum peak position, absorp-

tion band edge, and size distribution confirms that the PL

stems from the quantum confinement effects and it is further

confirmed by the PL variation after particle aggregation. As

a result of this discovery, the PL QY can be boosted and

detected more easily enabling the development of novel fluo-

rescent sensors for biological species.
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