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ABSTRACT  

Heterostructures built from two-dimensional (2D) transition metal dichalcogenide (TMD) 

monolayers and quantum dots (0D) offer a large variety of systems for probing the fundamental 

physics and for the device applications. In this work, 2D/0D heterostructures comprised of 

monolayer MoS2 (1L-MoS2) and Si quantum dots (QDs) are produced and the mutual charge 

transfer is studied. It is shown that the charge transfer property depends strongly on the size of Si 

QDs.  Decoration of a 1L-MoS2 flake with Si QDs 3.5 nm in diameter results in the quenching of 

the PL, while the decoration with Si QDs 9.0 nm in diameter enhances it. The results indicate that 

the direction of the charge transfer is different depending on the Si QD diameter. Contributions of 
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the A excitons, B excitons, biexcitons and trions to total PL spectra are analyzed in a wide 

excitation power range and the mechanism of the charge transfer is discussed. 

 

INTRODUCTION 

Two-dimensional transition metal dichalcogenides (TMDs) are an emerging class of materials 

with properties that make them highly attractive for fundamental studies of novel physical 

phenomena and for applications ranging from nanoelectronics and nanophotonics to sensing and 

actuation at the nanoscale. Reducing the thickness of TMDs to a monolayer turns the indirect 

bandgap semiconductor into a direct bandgap one with the enlarged bandgap due to the quantum 

confinement effect.1-4 This makes a monolayer MoS2 (1L-MoS2) promising for various 

optoelectronic applications, such as a light-emitting diode, a laser diode, a photodetector and a 

solar cell.5-8 One of the characteristic features of 1L-MoS2 is the large exciton binding energy in 

the range of hundreds of meV.9-12 Because of the large exciton binding energy, trions, biexcitons, 

and even higher-lying exciton-trion complexes can exist even at room temperature,13-17 and they 

govern the luminescence spectra under high excitation power.18,19  

The property of a monolayer TMD can be strongly modified by the formation of a two 

dimensional / zero dimensional (2D/0D) heterostructure with semiconductor quantum dots (QDs), 

and a variety of heterostructures have been produced to improve the performance of TMD-based 

optoelectronic devices.20-23 For example, Wu, et al. realized an ultrasensitive photodetector by 

integrating CsPbI3−xBrx perovskite QDs with monolayer MoS2.21 Tao, et al. hybridized CuInSe2 

QDs with monolayer MoS2 forming a high-performance broadband photodetector.22 Similar 

MoS2-based 2D/0D heterostructures have been produced for a variety of QDs such as GaAs QDs24 

and Si QDs.25  
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In this paper, we study the charge transfer interaction between 1L-MoS2 and Si QDs with 

different sizes by the photoluminescence (PL) spectroscopy under different excitation power. We 

demonstrate that PL of a 1L-MoS2 flake is strongly suppressed by the decoration with Si QDs 3.5 

nm in average diameter, while that is considerably enhanced when it is decorated with those 9 nm 

in average diameter. These results indicate that the direction of the charge transfer is different 

depending on Si QD size.  From the excitation power dependence of PL spectra deconvoluted into 

the A exciton, B exciton, biexciton and trion contributions, we discuss the mechanism of the size 

dependent charge transfer process.  

 

EXPERIMENTAL SECTION 

For the formation of a 1L-MoS2 and Si QDs heterostructure, we used colloidal solution of B and 

P codoped Si QDs developed in our group.26,27 The preparation procedure is as follows.26,27  First, 

thick Si-rich borophosphosilicate glass (BPSG) films were deposited onto a stainless-steel plate 

by simultaneously sputtering Si, SiO2, B2O3, and phosphosilicate glass (PSG) (SiO2 : P2O5 =95 : 

5 wt%), peeled off from the stainless-steel plate, and annealed in a N2 gas atmosphere for 30 min 

to grow B and P co-doped Si QDs in BPSG matrices. The average diameter of Si QDs were 

controlled by the growth temperature (Ta); Ta= 1100℃, 1200℃, and 1250℃ resulted in the growth 

of co-doped Si QDs 3.5, 7.0, and 9.0 nm in average diameters, respectively. Si QDs were then 

extracted from a matrix by hydrofluoric acid (HF) etching and transferred to methanol.  

Figure 1a shows a picture of a methanol solution in which Si QDs 7.0 nm in average diameter 

are dispersed. Since B and P codoped Si QDs are dispersible in polar solvents without 

agglomeration due to the negative surface potential, the solution is clear and scattering-free.26,27 

Figure 1b shows a transmission electron microscope (TEM) (JEM-2100F, JEOL) image of 
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codoped Si QDs. For the TEM observation, a diluted methanol solution of Si QDs is dropped on 

a graphene coated Cu mesh.30 A film of Si QDs is formed on a graphene sheet. It is important to 

note that the surface of the Si QDs is not functionalized with organic ligands, and thus efficient 

charge transfer between QDs is possible. In fact, we have demonstrated that conductive films can 

be produced simply by drop-coating the methanol solution of co-doped Si QDs on a substrate, and 

thin film transistors28 and photoelectrodes29 are produced by a wet-process. 

1L-MoS2 was prepared by the gold-assisted exfoliation31 of bulk MoS2 crystal (HQ-Graphene, 

Netherlands) and transferred onto a silica substrate 15 mm x 10 mm in size. On the silica substrate, 

10µL of methanol solution of Si QDs was dropped and dried in air at room temperature. This 

results in the formation of 1L-MoS2 / Si QDs heterostructures on a silica substrate. The 

concentration of Si QD solution was adjusted so that the amount of Si QDs dropped was enough 

to cover the whole area of a substrate; the concentrations were 0.09 mg/mL, 0.18 mg/mL, and 0.23 

mg/mL for Si QDs 3.5, 7.0, and 9.0 nm in average diameters, respectively. In rough estimation 

assuming a uniform size and closed-packing of Si QDs, 1L-MoS2 is covered by an almost 

monolayer of Si QDs, although the size distribution and the disorder of the alignment affect the 

coverage slightly.  

1L-MoS2 / Si QDs heterostructures were characterized by PL and Raman scattering 

spectroscopy. For the PL and Raman scattering measurements, a confocal microscope (50× 

objective lens, N.A. = 0.8) equipped with a single monochromator and a charge coupled device 

(Andor SOLIS Newton-CCD) was used. The PL excitation wavelength was 405 nm and the power 

was changed from 0.01 W to 5000W. The excitation wavelength for Raman scattering 

measurements was 488 nm. All the optical measurements were performed at room temperature. 
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Figure 1c shows an optical microscope image of a 1L-MoS2 flake (the region enclosed by a 

white dashed curve) on which a monolayer of Si QDs is placed. Images of other flakes are shown 

in the Supporting Information (Figure S1). Figure 1d shows a Raman spectrum of a 1L-MoS2 flake. 

Two characteristic Raman peaks assigned to 𝐸ଶ
ଵ  and 𝐴ଵ vibrational modes are observed. The 

separation of the modes is 19.2 cm-1, which corresponds to that of a monolayer 1L-MoS2. This 

confirms that 1L-MoS2 is successfully exfoliated. Figure 1e shows the PL spectrum of an as-

prepared 1L-MoS2 flake, i.e., a 1L-MoS2 flake without Si QDs on top, excited at 405 nm (2.5 μW). 

The PL peak is around 1.89eV. This indicates that the PL spectrum is dominated by the A exciton 

emission.15,18,32  

 

 

Figure 1. (a) Photograph of methanol solution of B and P codoped Si QDs 7.0 nm in average 

diameter. (b) TEM image of Si QDs on a graphene support film. (c) Optical microscope image of 
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a 1L-MoS2 flake (the region enclosed by a white dashed curve) on which a monolayer of Si QDs 

is placed. (d) Raman spectrum of a 1L-MoS2 flake. (e) PL spectrum of 1L-MoS2 flake before 

depositing Si QDs on top. 

 

RESULTS AND DISCUSSION 

Figure 2 shows PL spectra of a 1L-MoS2 flake before (black) and after (red) depositing Si QDs. 

The data obtained for different size Si QDs, i.e., (a) 3.5, (b) 7.0 and (c) 9.0 nm in average diameters, 

are shown. Ideally, the PL spectra of 1L-MoS2 flakes on silica before Si QD deposition should be 

identical for three samples. However, in Figure 2a-c, the intensity and spectral shape are different 

from a flake to flake. This is due to large variation of defect densities in flakes produced by the 

gold-assisted exfoliation method. To study the effects of Si QDs without being disturbed by the 

variation, we first performed all necessary optical measurements for 1L-MoS2 flakes before Si QD 

deposition, and then repeated the same measurements for the same flake after depositing a QDs 

monolayer. Therefore, PL spectra are measured at exactly the same positions before and after Si 

QD deposition. The excitation wavelength is 405 nm and the excitation power is around 2 μW. 

Note that PL from Si QDs is much weaker than that of 1L-MoS2 flakes and is not detectable at the 

measurement condition. It is also very important to note that, the optical absorbance of a Si QDs 

monolayer is more than an order of magnitude smaller than that of a 1L-MoS2 flake at 405 nm 

(Figure S2 in the Supporting Information) due to the indirect nature of the energy band structure. 

Therefore, the excitation light is mainly absorbed by 1L-MoS2, and direct excitation of Si QDs by 

the excitation light is negligible.   

In Figure 2a, simply by depositing Si QDs 3.5 nm in average diameter, the PL is strongly 

quenched and red-shifts about 16 meV. This suggests that there is efficient charge transfer between 
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1L-MoS2 and Si QDs. Similar behavior is observed in Figure 2b for larger Si QDs (Dave=7.0 nm), 

although the quenching is less serious. On the other hand, in Figure 2c (Dave=9.0 nm), the intensity 

increases by Si QD deposition and the peak blue-shifts. Therefore, different size Si QDs affect the 

PL property of 1L-MoS2 differently.  

 

 

Figure 2. PL spectra of 1L-MoS2 flakes without (black) and with (red) Si QDs excited at low 

excitation power (<2.5 W). The peak energies are marked with dash lines. (a) Dave=3.5 nm, (b) 

Dave=7.0 nm, and (c) Dave=9.0 nm. The growth temperatures (Ta) of Si QDs are shown below the 

size description. 

 

To study the mechanism of the PL modulation by Si QD deposition, we measure the excitation-

power dependence of the PL spectra both before and after Si QD deposition (Figure S3 in the 

Supporting Information). Figure 3a and b shows the PL peak energy and the full width at half 

maximum (FWHM) before and after depositing Si QDs 3.5 nm in average diameters, respectively, 

as a function of the excitation power. The excitation wavelength is 405 nm. Similar data for other 

samples are shown in the Supporting Information (Figure S4). In both cases, i.e., with and without 

Si QDs, the peak red-shifts and becomes broad with increasing the excitation power. This is due 

to the emergence of the PL from biexciton besides A and B excitons and trions.18,33-36 In Figure 
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3c, the ratio of PL intensity between 1L-MoS2 flakes with and without Si QDs are plotted as a 

function of the excitation power. The ratio depends strongly on the diameter of Si QDs at low 

excitation power. This suggests that the charge transfer process depends on the size of Si QDs. 

The ratio approaches unity as the excitation-power increases. This indicates that under strong 

excitation, photoexcited carriers dominate the PL property of 1L-MoS2 and charge transfer from/to 

Si QDs plays a minor role. 

In Figure 3a and b, we can see plateaus in the peak energy and the FWHM at a relatively high 

power range (0.2−1mW). Similar plateaus appear at almost the same energies for other samples 

with different size Si QDs (Figure S4 in the Supporting Information). The existence of the plateaus 

indicates that one excitonic state dominates the PL spectra in the excitation power range. From the 

comparison with the literature values of the peak energy18,33,37 and the FWHM,18,38 it is most 

plausible that emission from biexcitons dominates the PL spectra in the plateaus. From the figures, 

we determine the peak energy of biexcitons (PX) to 1.835eV. Similarly, from the plateau at the low 

excitation power range in Figure 3a and b, the peak energy of A excitons (PA) is determined to 

1.890 eV. These energies and the energy difference between A excitons and biexcitons, i.e., the 

binding energy of biexcitons (EXXb~55meV), agree well with the literature values.18,33,37,39  
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Figure 3. (a, b) Excitation-power dependence of the PL peak energy and the FWHM of a 1L-MoS2 

flake without Si QDs (a) and with Si QDs 3.5nm in average diameter (b). Plateaus in the peak 

energy and the FWHM are designated by horizontal dashed lines. (c) The ratio of PL intensity 

between 1L-MoS2 flakes with and without Si QDs as a function of the excitation power for Si QDs 

with the average diameters of 3.5 nm (blue), 7.0 nm (green), and 9.0 nm (red). The growth 

temperatures (Ta) of Si QDs are shown below the size description. 

 

In order to analyze the progression of the PL spectral shape with excitation power, we 

decompose the spectra into A and B excitons, trions and biexcitons with Lorentzian functions. 

Figure 4a and b shows the results of deconvolution for a 1L-MoS2 flake without Si QDs excited at 

2.5 and 323 W, respectively. We fitted the peak with four Lorentzian functions under the 

assumption that the main peak is composed of A excitons, trions and biexcitons, and the high 

energy shoulder is composed of B excitons. The peak energies of A excitons and biexcitons are 

fixed to the above determined values, and those of trions and B excitons and FWHM of all peaks 

are treated as fitting parameters. By the fittings, the peak energy of trions (PT) is obtained to ~1.862 

eV. This means that the binding energy (ETb) is ~28meV, which is consistent with the EXXb/ETb ≈

2 relation.18,39-42 In the Supporting Information (Figure S5), the FWHM of the peaks are shown as 

a function of excitation power. The FWHM of all the peaks are close to literature values at room 

temperature.38,43 Furthermore, the FWHM of the biexciton peak is approximately twice that of the 

A exciton one, consistent with previous results.35,38  

In Figure 4c, the result of deconvolution of the PL spectrum of a 1L-MoS2 flake with Si QDs 

(Dave=3.5 nm) is shown. The excitation power is the same as that in Figure 4a. The peak energies 

of A excitons, trions and biexcitons are fixed to the above values and that of the B excitons is 
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treated as fitting parameters. The peak is very well deconvoluted with the procedure.  We can 

clearly see the decrease of the contribution of A excitons and the increase of that of biexcitons by 

the Si QD deposition. 

Figure 4d shows the integrated intensities (I) of deconvoluted peaks as a function of the 

excitation power (P) for a 1L-MoS2 flake without Si QDs. The lines are the results of the fittings 

by the I∝Pα relation. The value of α obtained by the fittings are shown in the figure. The A 

exciton emission shows sublinear power dependence (=0.56) at the low excitation power range 

and then saturates, while the biexciton PL increases almost linearly (=1.04). In the Supporting 

Information (Figure S6), we show the relation between the intensities of biexcitons (IBi) and A 

excitons (IA), and from the IBi∝IA
n relation, n is extracted. The values of n obtained for three 

different 1L-MoS2 flakes are in the range of 1.37 to 1.74, in consistent with previously observed 

values in TMDs (1.2-1.9).34,42,44,45 The subquadratic relation is usually attributed to the non-

equilibrium of biexciton formation and exciton recombination processes.34,44,45 Figure 4e shows 

the I∝Pα relation after depositing Si QDs 3.5 nm in average diameter. We can clearly see the 

decrease of the A exciton emission in the whole excitation power range. Similar data obtained for 

other samples are shown in the Supporting Information (Figure S7). 

By comparing Figure 4d and e, we can clearly see that the intensity of A excitons decreases 

significantly by Si QD deposition, while those of trions and biexcitons are not strongly affected. 

Figure 4f-h shows the integrated intensities of A exciton PL with (red curves) and without (black 

curves) Si QDs 3.5, 7.0 and 9.0 nm in average diameters, respectively. By the deposition of Si 

QDs 3.5 and 7.0 nm in average diameters, the emission of A excitons is strongly quenched in the 

whole excitation power range. On the other hand, when Si QDs 9.0 nm in diameter are deposited, 

the A exciton emission increases at the low excitation power range and decreases at the high 
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excitation power range. These behaviors of A excitons are similar to that of the total intensity 

shown in Figure 3. This indicates that the effect of Si QD deposition appears most apparently in 

the PL intensity of A excitons. In Figure 4f-h, the sudden drop of the A exciton PL intensity is 

caused by the decrease of the exciton-binding energy due to very high carrier density close to the 

critical limit for the Mott transition.46,47  
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Figure 4. (a, b) PL spectra of a 1L-MoS2 flake without Si QDs excited 2.5 μW (a) and 323 μW (b). 

(c) PL spectrum of a 1L-MoS2 flake with Si QDs 3.5 nm in average diameter on top. In (a-c), the 

spectra are deconvoluted with Lorentzian functions into contributions of A excitons (A), B 

excitons (B), trions (T), and biexcitons (Bi). (d, e) Integrated PL intensities of A excitons, trions 

and biexcitons as a function of excitation power for a 1L-MoS2 flake without Si QDs (d) and with 

Si QDs 3.5nm in average diameter (e). The lines are the results of the fittings by the I∝Pα relation. 

(f-h) Integrated PL intensities of A excitons as a function of excitation power for a 1L-MoS2 flake 

without (black triangle) and with (red circle) Si QDs. The average diameter of Si QDs is (f) 3.5 

nm, (g) 7.0 nm and (h) 9.0 nm.  The curves are guide to the eyes. The growth temperatures (Ta) of 

Si QDs are shown below the size description. 

 

Based on the experimental results, we now discuss the charge transfer process between 1L-MoS2 

and Si QDs with different diameters at different excitation power regimes. First, we assume that 

similar to previous works,22,32,48 1L-MoS2 used in this work is n-type. This is consistent with rather 

strong trion emission without Si QDs at low excitation power. We also assume that excitation light 

is absorbed mainly by 1L-MoS2 and photoexcited carriers in Si QDs are negligible. In the case of 

Si QDs 3.5 nm in diameter, a type II band alignment is expected at a 1L-MoS2 / Si QD interface 

as shown in Figure 5a.48-51 In this band alignment, charge transfer does not occur in dark. Under 

photoexcitation, excited holes are preferentially transferred to Si QDs, while excited electrons 

remain in 1L-MoS2.  This charge separation makes 1L-MoS2 more heavily n-type doped (photo-

doping),32,52,53 which appears as strong quenching of A exciton emission by Si QD deposition. 

Under strong excitation, the band gap of 1L-MoS2 is reduced by the band gap renormalization.32,54 
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However, the situation is identical to the case of weak excitation and thus no discontinuity is 

observed in the excitation power dependence of the A exciton emission (Figure 4f).  

In the case of Si QDs 9.0 nm in diameter, the lowest unoccupied molecular orbital (LUMO) 

level is lower than that of Si QDs 3.5 nm in diameter,48,49,51,55 and it is expected to be lower than 

that of 1L-MoS2. The band alignment is thus considered to be type I as can be seen in Figure 5b.48-

51 In this band alignment, excess electrons in 1L-MoS2 are readily transferred to Si QDs and the 

electron density of 1L-MoS2 decreases.56,57 As a result, under weak excitation, the A exciton 

emission is enhanced by depositing Si QDs. Under high power excitation, band gap 

renormalization mentioned above changes the band alignment to type II, and the situation becomes 

the same as the case of Si QDs 3.5 nm in diameter. In this situation, n-type photo-doping due to 

hole transfer from 1L-MoS2 to Si QDs strongly quenches the A exciton PL. This appears as a cross-

over of the A exciton PL intensity between 1L-MoS2 without and with Si QDs around 10μW in 

Figure 4h. In the case of Si QDs 7.0 nm in diameter, the band alignment is in between the two 

extremes, and thus the effect of Si QD deposition is smaller than others as can be seen in Figure 

3c.   
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Figure 5. Schematic of band alignment and charge transfer in dark and under low and high power 

excitation in 1L-MoS2 / Si QDs heterostructures, (a) 3.5 nm and (b) 9.0 nm in average diameters. 

 

In the above model, we discussed the observed properties based solely on the size of Si QDs. 

This is a simplified model because strictly speaking, the size of Si QDs affects the crystallinity,58 

dopant concentration, dopant locations,59 etc., and all of them may affect the energy level structure. 

However, in B and P codoped Si QDs produced from the same precursor, i.e., the same Si-rich 

borophosphosilicate glass, the size is considered to be the largest factor to determine the energy 

level structure.60  Therefore, we believe that the model shown in Figure 5 explains the essential 

part of the carrier exchange mechanism.  

 

CONCLUSION 
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We have studied the charge transfer interaction between 1L-MoS2 and Si QDs with different 

sizes. We showed that the PL property of 1L-MoS2 is strongly modified by placing a monolayer 

of Si QDs on top and that the effect of Si QDs on the PL property depends strongly on the size. 

When the diameter is 3.5 nm, the PL is quenched by placing Si QDs, while when the diameter is 

9.0 nm, it is enhanced. Deconvolution of the PL spectra into the contributions of A-excitons, trions, 

biexcitons, and B-excitons revealed that PL from A-excitons is most strongly modified by Si QDs, 

i.e., the A-exciton PL is quenched by 3.5 nm Si QDs and enhanced by 9.0 nm Si QDs. These 

effects could be explained from the band alignments. When the diameter of Si QDs is 3.5 nm, the 

LUMO level is higher in energy than that of 1L-MoS2 and the band alignment is type II, while 

when the diameter is 9.0 nm, the relation is vice versa and the band alignment is type I. In the latter 

case, excess electrons in n-type 1L-MoS2 are transferred to Si QDs and the density of excess 

electron decreases. This enhances the A-exciton emission. In the former case, the charge transfer 

does not occur in dark. Under photoexcitation, excited holes are preferentially transferred to Si 

QDs, while excited electrons remain in 1L-MoS2.  This charge separation makes 1L-MoS2 more 

heavily n-type doping and the A-exciton PL is quenched. The present results indicate that by 

simply placing Si QDs, carriers in 1L-MoS2, and thus the optical and electrical properties can be 

strongly modified. By properly choosing the Si QDs size, the heterostructure can be used for a 

carrier-separation type device such as solar cells and photodetectors and for a carrier-

recombination type device such as LEDs and laser diodes. 
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