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ABSTRACT: Optoelectronics with two dimensional (2D) heterostructures combining 

transition metal dichalcogenides (TMDCs) and other semiconductors in hybrid stacks is 

potentially promising because of the possibility of fabricating devices with high 

efficiency and new properties. Ultrafast charge transfer across the interface and long 

lifetime of carriers makes the vertical geometry attractive with respect to traditional bulk 

heterostructures. In such ultrathin structures, the multiple boundaries and the thickness of 

each material play a key role in the interaction of light with the device and can strongly 

influence the device performance. In this article we study light harvesting in 2D 
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InSe/MoS2 semiconductor heterostructures by measuring Raman enhancement or 

attenuation as a function of layer thicknesses. Measurements are precisely reproduced by 

the calculation of the light emission, and the field distribution inside the heterostructure. 

Optimizing layer thickness and material interfaces has a significant effect on the light 

distribution in such 2D heterostructures with layer thickness in the region of a few tens of 

nanometers, providing a means to enhance the performance of emerging 2D 

semiconductor-heterostructure optoelectronics. 

KEYWORDS: 2D semiconductor heterostructure, InSe/MoS2, Raman enhancement, light emission, light 

distribution 

 

   Van der Waals heterostructures made by stacking various 2D semiconductors onto each other (2D 

semiconductor-heterostructures) are of great interest because of the possibility of combining specific 

properties of each material in a device, which maintains a 2D character and can be ideally used in 

electronics and optoelectronics [1-11]. In comparison to a ‘bulk’ semiconductor-heterostructure with layer 

thickness of the order of the light wavelength or bigger, the multiple interfaces and the sub-wavelength 

thickness of each layer decisively influence the interaction of light with heterostructures, and the device 

performance.  An example of combining specific properties is provided by an atomically thin device of p-

type monolayer MoS2 and n-type monolayer WSe2 designed to benefit from the direct gaps in TMDCs 

monolayers [12]. This device provides unconventional performance with gate tunable diode-like current 
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rectification combined with photovoltaic response across the p-n interfaces. A thicker device made of p-

type few-layer MoS2 and p-type few-layer WS2 has a rectifying and bipolar behavior and moreover can 

function not only as a photovoltaic cell but also as a self-driven photo-detector with photo-switching ratio 

exceeding 103. This indicates strong light interaction in the device even though both few-layer TMDCs 

have indirect band gaps [13]. The performance of devices based on 2D heterostructures can also be 

improved by optimizing light absorption in the stack by coupling plasmonic nanoantennae or 

microcavities to the structures [14-16]. In 2D materials, there is another convenient way to enhance light 

coupling by modifying the layer structure and the dielectric surroundings of the device with a suitable 

substrate [17-22]. 

Raman spectroscopy is a widely used non-destructive characterization and investigation method in 2D 

materials with good energy and spatial resolution and mapping capability [23-26]. In non-resonant 

conditions it is also a reliable technique to study the interaction of light with 2D heterostructures, notably 

by measuring the enhancement or attenuation of Raman intensity with respect to that in isolated layers. 

Such an approach can be modeled by standard simulations and gives a new route to improve device 

performance. However in experimentally fabricated devices it is important to achieve very clean 2D 

semiconductor-heterostructures and interfaces since impurities and inhomogenities can critically 

influence the measured intensity. This may explain the fact that few reports focus on this approach for 

explaining and eventually predicting optimal device geometries. 

In this work we fabricated different 2D semiconductor-heterostructures such as few layer InSe stacked 

on few layer MoS2 (InSe/MoS2) by what we call a “random transfer” method. This is a fast, ultra-clean, 
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high-yield technique. The Raman enhancement or attenuation factors in InSe/MoS2 with various 

thicknesses are directly observed when compared to the intensities of InSe and MoS2 vibrational modes 

separately, and also compared to a light scattering simulation which is in good agreement with our 

experiment results. One can thus design a 2D semiconductor-heterostructure by choosing the optimum 

thickness, substrate and stacking sequence to maximize device performance. 

RESULTS AND DISCUSSION 

   The preferred method in the fabrication of clean 2D heterostructures is the dry transfer method, which 

includes the dual polymer transfer process and pick up technique. However, these techniques have the 

shortcoming that the surface of the sample might still have polymer residuals and that they are relatively 

time-consuming [27, 28]. In our “random transfer” heterostructure fabrication process, we experimented 

direct mechanical exfoliation of one sample onto the other without water or polymer media (see details in 

Methods). The schematics of the sample-2/sample-1 heterostructure fabrication process are shown in 

Figure 1 (a). Briefly, the bottom sample (sample 1) is firstly prepared by mechanical exfoliation on a 

substrate (glass or SiO2/Si) on a hot plate. Considering the adhesion force of 2D precursors and the 

adhesive tape, the temperature of the hot plate is in the range 100 °C -125 °C in our fabrication process. 

The comparison of adhesion of samples (MoS2 and InSe) fabricated under different temperatures is shown 

in the supplementary information 1. In the second step the top layer (sample 2) is then mechanically 

exfoliated on to the same zone on the heated substrate using the same procedure. After the second step 

one can find some overlapping areas on the substrate indicating the existence of pristine sample 1/sample 

2 heterostructures. There are several advantages of using this technique to fabricate heterostructures 
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compared to other transfer methods. The whole process is very fast (within one minute) and no chemical 

or polymer residuals are found on the heterostructure. In addition the yield is very high as tens of 

heterostructures can be formed in one fabrication process as seen in supplementary information 2. It is 

worth noticing that our method is based on random mechanical exfoliation, which means the thicknesses 

and the size of the layers of the heterostructure cannot be precisely controlled. However, it is very suitable 

for the study of properties based on a large amount of samples as in our case. All the heterostructures in 

this article are fabricated on SiO2 (285 nm)/Si substrate except otherwise mentioned. The optical images 

and corresponding atomic force microscopy (AFM) of two typical 2D semiconductor-heterostructures 

such as InSe/MoS2 and GaSe/InSe are shown in Figure 1(b-g). From the optical images, one can clearly 

see that the “color” of overlapping parts is different from different areas, already indicating the expected 

variation of the light interaction and absorption according to geometry. The corresponding AFM image of 

each heterostructure shows clean uniform surfaces, without bubbles or chemical residue that always 

appear during other transfer process. This is very critical for precise investigation of the interaction of 

light interaction with each element of the 2D heterostructure. The thicknesses of the random transferred 

2D semiconductor-heterostructures shown in this study are InSe (28.1 nm)/MoS2 (20.2 nm), InSe 

(28.1nm)/MoS2 (33.9 nm) and GaSe (19.1 nm)/ InSe (29.2 nm) respectively. Since mechanical exfoliation 

method is widely used in the preparation of 2D materials our random transfer method is of relevance for 

laboratory 2D semiconductor-heterostructure fabrication.  
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Figure 1. (a) The random transfer process for 2D semiconductor-heterostructure fabrication. (b) Optical 
image of InSe/MoS2 heterostructure. (c-d) The corresponding AFM image of InSe/MoS2 heterostructure 
and the height profiles of InSe and MoS2. (e) Optical image of GaSe/InSe heterostructure. (f-g) The 
corresponding AFM image of GaSe/InSe heterostructure and the height profiles of GaSe and InSe. 

   Measuring Raman scattering intensity is a direct way to investigate the interaction of light with 2D 

semiconductor-heterostructure. In our experiment, we use two different wavelengths to check the Raman 

intensity variation from each material. In non-resonant conditions, the Raman scattering intensity of an 

isolated layer should be proportional only to the scattering volume that is to layer thickness in the back 

scattering geometry. However for a layer of the same thickness of the same material in a heterostructure, 

this intensity will change depending on the interaction of light at the interfaces with other layers and with 

the substrate as well. As an illustration, consider the InSe/MoS2 heterostructure of Figure 1(a). The 

Raman spectra with 532 nm excitation from the bare InSe (28.1 nm) or MoS2 (33.9 nm) layers on the 

substrate are shown in Figure 2(a) with black and blue lines. If now we compare the intensity from 

heterostructures, we find for example that the InSe A1
1g mode intensity increases ~3 times in InSe (28.1 
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nm)/MoS2 (33.9 nm), while it decreases ~2 times in InSe (28.1 nm)/MoS2 (20.2 nm). This six-fold 

variation shows the importance of the thickness of the underlying MoS2 layer in regulating the light-

matter interaction in the InSe layer. In addition, the Raman intensity from MoS2 enhances with a six-fold 

increase in InSe (28.1 nm)/MoS2 (33.9 nm). Finally we study the influence of the wavelength of the 

incident light by using the 638 nm laser for excitation. As before we note a dramatic variation of intensity. 

The A1
1g mode intensity of InSe decreases ~20 fold in InSe (28.1 nm)/MoS2 (33.9 nm) and ~40 fold in 

InSe (28.1 nm)/MoS2 (20.2 nm) respectively. We also note that this wavelength excites resonant 

scattering from MoS2 and as a result no deductions can be made concerning the MoS2 Raman lines nor 

the InSe A1
2g mode at this wavelength [29]. The results above demonstrate the important role of the 

wavelength of incident light in the final scattered intensity. We then perform Raman mapping in this 

InSe/MoS2 heterostructure to analyze the uniformity over the whole surface which is an important 

indication of the quality, cleanliness and homogeneity of the heterostructure. This also excludes the 

eventuality that the measured enhancements or attenuations could correspond to some singular spots or 

edge of the heterostructure. The Raman mapping area is that of Figure 1(b) and the data according to 

different vibration modes are shown in Figure 2(c), the border of the heterostructure being indicated by 

the dashed line. From the data, one can clearly see that the Raman intensity of each material in the 

different heterostructure areas is uniformly enhanced or attenuated as explained before. Moreover, it is 

worth noticing that the enhancement or attenuation of Raman intensity is also observed in other 2D 

semiconductor-heterostructures, such as GaSe/InSe heterostructure fabricated in Figure 1(e-f), the Raman 

intensity of both GaSe and InSe have significantly decreased in the heterostructure under both 532 nm 
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and 638 nm excitation as shown in Figure 2(d-e). These changes in intensity can be attributed to the 

optical interactions within the heterostructure as we rule out mechanisms related to charge 

transfer or interlayer interactions as seen in some other heterostructures [30, 31]. 

 

Figure 2. (a-b) Raman shift of InSe/MoS2 heterostructure under 532 nm excitation and under 638 nm 
excitation respectively. (c) Raman mapping of InSe/MoS2 heterostructure. From top to bottom: InSe A1

1g 
mode under 532 nm excitation, InSe A1

1g mode under 638 nm excitation and MoS2 E1
2g mode under 532 

nm excitation. (d-e) Raman shift of GaSe/InSe heterostructure under 532 nm excitation and under 638 nm 
excitation respectively. 

   This strong enhancement or attenuation of the same Raman modes according to the wavelength used 

and the configuration of our 2D semiconductor-heterostructures can be explained by introducing a 
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multiple reflection, normal incidence model, which has been successfully used to explain light 

outcoupling in 2D materials placed on a substrate [32-34]. However in our case we have to account for 

multiple layers of the heterostructure and calculate Raman intensity from each layer. A simple physical 

picture of the phenomenon is the following and the corresponding model is shown in the supplementary 

information 3: The factor multiplying the intensity of the Raman mode from the top layer (respectively 

the bottom layer) depends on two quantities: the incident wavelength field and the inelastically scattered 

wavelength field at a given depth x of the heterostructure. Considering the multiple interfaces in this 2D 

semiconductor-heterostructure, incident light will encounter the boundaries air/semiconductor-1, 

semiconductor-1/semiconductor-2, semiconductor-2/SiO2 and SiO2/Si, undergoing multiple reflections. 

Taking into account both the incident light at a given depth x in the layer and light emission from the 

same depth x, the total intensity of light emission from the semiconductor-1 (semiconductor-2) layer can 

be defined as: 

I = A E!"#(x, λ!)E!"#(x, λ!) !dx
!
!                                                 (1) 

where A is a constant chosen to be 1 in our calculation, d is the thickness of semiconductor-1 

(semiconductor-2) layer when we calculate the intensity of light emission from the top (bottom) 

semiconductor, 𝜆! and 𝜆! are the incident light wavelength and emitted light wavelength respectively, and 

E!"#(x, λ!) and E!"#(x, λ!) are the amplitude of the incident light field and the amplitude of the emitted 

field at depth x in the layer after taking into account interference effects due to reflection and transmission 

at the various interfaces. The model does not calculate the scattering process or the physical process for 

the generation of the emitted light, but simply takes into account the interactions with the various 
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interfaces and layers both for the incident and emitted fields. Raman scattering is very weakly inelastic on 

this scale, for example, the scattered wavelength of the A1
1g mode of InSe is 535 nm (𝜆!) under 532 nm 

excitation (𝜆!). In short a heterostructure which maximizes the emitted Raman intensity corresponding to 

a given layer will ensure maximum light-matter interaction in that layer and emission from the device. 

The inverse is also true. This thus permits the design of efficient heterostructures.  

   Let us first focus on the comparison of emission intensity between calculation and experiment from 

InSe in our InSe/MoS2 heterostructures. Once the measured intensities have been normalized for incident 

power and measuring time, a universal normalizing factor is sufficient to compare data to calculation. In 

Figure 3(a) we compare the calculated excitation wavelength dependent emission intensity with the 

measured data for the excitation wavelength of 532 nm and 638 nm respectively (green and red stars). All 

the refractive indices used for InSe, MoS2, SiO2 and Si were adopted from literatures [35-39], and are 

shown in Figure S5 of the supplementary information 3. Particularly, the refractive indices corresponding 

to A1
1g Raman mode of InSe and E1

2g Raman mode of MoS2 are listed in Table S1 of the supplementary 

information 3. It can be seen in both cases that our model accounts perfectly for the intensity changes in 

the different heterostructures with the change in the thickness of MoS2. Sharp features in curves between 

600 and 700 nm wavelengths are due to the direct transitions in MoS2 which introduce sharp variations in 

the refractive index. In Figure 3(b) we examine the changes in emitted Raman intensity from MoS2 under 

different incident radiation, again with very good agreement between calculation and experimental data 

acquired under 532 nm excitation. In Figure 3(c-d) we show how the emission intensity varies with the 

thickness of a lower layer of MoS2 and the effect of the incident wavelength as an example of how to 
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design an optimal InSe/MoS2 heterostructure. In Figure 3(c) we fix the InSe thickness to 28.1 nm and 

calculate emitted intensity from A1
1g Raman mode of InSe with respect to the variation of MoS2 layer 

thickness and the excitation wavelength. It can be seen that the optimal MoS2 thickness (maximizing 

Raman intensity from InSe) is about 35 nm for an excitation wavelength of 532 nm. However for an 

excitation wavelength of 638 nm, a non–zero MoS2 layer actually decreases intensity. Finally in Figure 

3(d) we calculate emitted intensity from the E1
2g Raman mode of MoS2 under the same conditions. The 

optimum MoS2 thickness is about 33 nm under 532 nm excitation.  

 
Figure 3. Light emission intensity of InSe A1

1g mode (a) and MoS2 E1
2g mode (b) as function of excitation 

wavelength in different thickness of InSe/MoS2 heterostructures. Light emission intensity map of InSe 
A1

1g mode (c) and MoS2 E1
2g mode (d) in InSe 28.1 nm/MoS2 heterostructure as a function of excitation 

wavelength. The green and red stars in (a-b) represent the experimental data taken under 532 nm 
excitation and 638 nm excitation respectively. The white dashed lines in (c-d) represent the 532 nm and 
638 nm excitation. 

(a)	 (b)	

(c)	 (d)	
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To better quantify the Raman intensity variation and hence the efficiency of the InSe/MoS2 

heterostructure, we introduce a simple efficiency factor F: 

                                         F =  !"#"$ (!"#$/!"!! !"#"$%&#$'(#'$")
!"#"$ (!"#$ !" !"!!)

                                               (2) 

If F is larger than 1 Raman intensity is enhanced in the heterostructure and if F is smaller than 1, it is 

diminished. In Figure 4(a-f) we use this factor to compare the calculated efficiency (curves) to 

measurements (data points) in fifteen InSe/MoS2 heterostructures fabricated with our random transfer 

method and measured using 532 nm or 638 nm incident wavelengths. The thickness of each material in 

the heterostructure ranges from 5 nm to 70 nm. In general there is a good agreement between our model 

and experimental data. Discrepancies may come from a diminished measured Raman intensity due to 

imperfections or contamination in the heterostructure or the isolated layer despite the care taken to avoid 

them. Such an error in the numerator decreases the measured F and in the denominator increases the 

measured F. Figure 4(g-i) give the calculation for a continuous variation in the layer thickness of 

InSe/MoS2 and for different incident wavelengths. For example, with 532 nm and 638 nm excitation, the 

maximum F for InSe are 6.17 and 4.34, in InSe (39.1 nm)/MoS2 (27.06 nm) and InSe (55.25 nm)/MoS2 

(32.59 nm) heterostructures respectively. For MoS2 with 532 nm excitation, the maximum F is 4.15, in a 

InSe (34.85 nm)/MoS2 (27.68 nm) heterostructure. Raman intensity in the heterostructures can be 

enhanced up to about 6 times and attenuated very severely which indicates the importance of careful 

designing of the optimum geometry and configuration in a heterostructure optoelectronic device. It is 

worth noticing that the stacking sequence of the materials has a large effect on the Raman scattering, 
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which can be seen from the Raman intensity and enhancement factor F simulation of reversed MoS2/InSe 

heterostructure in the supplementary information 4.  

 

Figure 4. Raman enhancement factor (F) in InSe/MoS2 heterostructure. (a-f) Comparison of F between 
experimental data (dots) and calculation (curves) as function of InSe thickness under different MoS2 
thicknesses. The black and red curves represent the calculated F of InSe A1

1g mode under 532 nm and 638 
nm excitation respectively. The blue curve represents the calculated F of MoS2 E1

2g mode under 532 nm 
excitation. (g-i) Calculated F as functions of InSe and MoS2 thicknesses, in which the InSe A1

1g mode 
under 532 nm and 638 nm excitation are shown in (g) and (h) respectively. The MoS2 E1

2g mode under 
532 nm excitation is shown in (i). 

   We have thus verified the accuracy of our simulation for simultaneous incidence and emission in a 

heterostructure and we can use it to analyze the simpler case of electric field intensity distribution of the 

incident light in heterostructures. This analysis can provide a figure of merit for optoelectronic 
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applications. According to our multi reflection and refraction model, the field intensity at depth x can be 

described as: I = E!"#(x) !. For the InSe (28.1 nm)/MoS2 (33.9 nm) heterostructure analyzed above, we 

calculated the intensity distributions through the heterostructure at normal incidence for several different 

incident wavelengths shown in Figure 5(a). As can be seen the intensity distributions are very dependent 

on the incident wavelength. The smallest variations are found for the longest wavelengths with respect to 

the heterostructure thickness. To confirm this finding we analyzed the field intensity distribution in 

another heterostructure InSe (15.2 nm)/MoS2 (44.8 nm) (supplementary information 5), of the same 62 

nm total thickness but with different thickness of each material. Even though overall distributions change, 

the above finding is confirmed. Thus large interference effects are found in the electric field intensity 

distribution in the heterostructures with thickness of few tens of nanometers, well below the wavelength 

of visible light. To confirm this we show a last set of simulated data where InSe is kept at a thickness of 

50 nm while MoS2 is varied from 50 nm to 600 nm. For incident wavelengths of 532 nm in Figure 5(b) it 

is immediately clear that while the InSe (50 nm)/MoS2 (50 nm) heterostructures show oscillating 

intensities due to interference effects, the heterostructures with MoS2 at 200 nm or higher thickness show 

a smoothly varying intensity distribution. It is thus important to know these distributions precisely for 2D 

heterostrucures where the material thickness is well below the incident light wavelength to be able to 

design efficient devices. 
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Figure 5. (a) Electric field intensity distribution in InSe (28.1 nm)/MoS2 (33.9 nm) heterostructure. The 
vertical line corresponds to the heterostructure interface. (b) Electric field intensity distribution in InSe 
(50 nm)/MoS2 heterostructure. (c) Intensity distribution according to formula (1) for 484 nm wavelength 
incident light (absorption maximum for InSe) in a InSe/MoS2 heterostructure showing an optimum for 
InSe (35 nm)/MoS2 (20 nm).  

We shortly discuss optimum absorption in a InSe/MoS2 heterostructure. Figure 5(c) shows the 

calculated intensity according to (1) but with λ! = λ! =484 nm (absorption maximum for InSe [40]) 

indicating that the optimum heterostructure is InSe (35 nm)/ MoS2 (20nm). However, as we show in 

supplementary information 6, if the stacking sequence is changed to MoS2/InSe or the substrate is 

changed to glass, the situation changes radically. In a device based on photocurrent measurement efficient 

coupling of the incident light to the device is essential. It is an important criterion in photovoltaic devices 

where care is taken to minimize reflection at the device surface and maximize absorption inside the 

device. In 2D semiconductor-heterostructures the choice of optimum thickness, stacking sequence and 

substrate can optimize device performance. 

   In conclusion, we analyzed the light interaction in 2D semiconductor heterostructures using InSe/MoS2 

as a concrete example and studying three aspects: Raman scattering intensity from the heterostructure, 

electric field intensity distribution inside the heterostructure and light absorption. We observed significant 

Raman enhancement and attenuation from experiment, and explained results precisely with our 

(a)	 (b)	 (c)	
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simulation. Both experiment and simulation results indicate that the thickness of each material, the 

incident wavelength and the stacking sequence have a large effect on the intensity of Raman scattering. 

From the intensity distribution calculations we find that in heterostructures where layer dimensions are 

much smaller than the incident light wavelength, tuning the 2D heterostructure geometry is necessary to 

optimize the performance of the device. 

METHODS 

   2D semiconductor-heterostructure fabrication. In this article, we fabricate 2D semiconductor-

heterostructures such as InSe/MoS2 and GaSe/InSe by using our homemade random transfer method. 

Firstly, the bottom sample (sample 1) is prepared by mechanical exfoliation on a clean substrate (glass or 

SiO2/Si) on a hot plate. The adhesion of the 2D precursor on the substrate is very strong when the 

temperature is more than 100 °C probably caused by the removal of humidity from the surface of the 

substrate. Since adhesive tape used for exfoliation leaves residue at high temperature we maintain a 

temperature in the range 100 °C ~125 °C in our fabrication process. One can take images of sample 1 

after this step (image 1). Secondly, the top layer (sample 2) is then mechanically exfoliated on to heated 

sample 1/substrate using the same procedure. After taking another images of whole samples (image 2) 

and compare with image 1, one can distinguish the overlapped area that cased by the second procedure, 

which indicate the existence of pristine sample 1/sample 2 heterostructures. The detailed adhesion 

comparison of samples fabricated under different temperatures can be seen from supplementary 

information 1.  
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   AFM and Raman characterizations. After the fabrication of 2D semiconductor-heterostructures, we 

characterize the surface quality and vibration modes of samples immediately to avoid any surface 

degradation by using AFM and Raman spectroscopy respectively. AFM scanning was performed on 

Scanning Probe Microscope SmartSPM-1000 instrument (AIST-NT) in ambient condition by using non-

contact mode. Raman spectra and mapping were performed on a Horiba Jobin-Yvon Xplora Raman 

spectrometer in a back scattering geometry under ambient conditions with two kinds of incident 

wavelengths: 532 nm and 638 nm. The focused spot of 1µm and laser power of 12 µW were used to avoid 

lattice heating during measurement. The high yield and clean surface of 2D semiconductor-

heterostructure fabricated by random transfer method can be seen from supplementary information 2. 

   Theoretical simulations. The detailed process of simulations can be seen in the supplementary 

information 3. 
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