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Abstract 

Heterostructure fabrication has been a fundamental element in the 
development of optical and/or electronic devices based on 2D materials. However, 
the quality of devices is often affected by unintended defects due to the fabrication 
process. Furthermore, the interlayer 2D heterostructure interface often degrades 
due to the presence of trapped contaminants. In this chapter, we demonstrate the 
development of a new technique of 2D heterostructure fabrication inside a high-
vacuum environment (~ 10-6 mbar) to realize clean interface without trapping 
contamination between layers followed by the evaluations of sample quality by 
AFM and optical spectroscopy. 

 

 

 

 

 

In preparation : 
A. Ali El Yumin, Q. H. Chen, X. Peng, M. P. Liang, P. Wan, and J. T. Ye.  
“Vacuum  Transfer Technique for High Quality 2D Heterostructure Devices Fabrication” 



Chapter 5

98

Chapter 5 

Development of A Vacuum 2D 
Heterostructure Fabrication Platform: 
Towards High-quality 2D Heterostructure 
Devices 

 

Abstract 

Heterostructure fabrication has been a fundamental element in the 
development of optical and/or electronic devices based on 2D materials. However, 
the quality of devices is often affected by unintended defects due to the fabrication 
process. Furthermore, the interlayer 2D heterostructure interface often degrades 
due to the presence of trapped contaminants. In this chapter, we demonstrate the 
development of a new technique of 2D heterostructure fabrication inside a high-
vacuum environment (~ 10-6 mbar) to realize clean interface without trapping 
contamination between layers followed by the evaluations of sample quality by 
AFM and optical spectroscopy. 

 

 

 

 

 

In preparation : 
A. Ali El Yumin, Q. H. Chen, X. Peng, M. P. Liang, P. Wan, and J. T. Ye.  
“Vacuum  Transfer Technique for High Quality 2D Heterostructure Devices Fabrication” 



Development of A Vacuum 2D Heterostructure Fabrication Platform

99

C
h

ap
te

r 
5

5.1 Introduction 

The technological demands for nanofabrication keep increasing with the 
fast development of nanoscience and quantum phenomena especially in the field 
of 2D materials. The isolation of single- or few-layer of graphene as a 2D Dirac 
metal followed by the preparation of layered transition metal dichalcogenides 
family as the 2D semiconductor and the hexagonal boron nitride as a 2D insulator. 
The broadness of this field and the richness of the physical phenomena have 
attracted many interests to the study of new physics in the 2D system. On the 
other hand, the discovery of a wide range of other 2D materials, from 
superconducting to insulating 2D materials, also provides unique building blocks 
to realized artificial heterostructures for low dimensional electronics and optical 
devices, which are promising to be integrated with present silicon-based 
semiconductor technologies or devices for future prospective such as flexible and 
transparent electronics. To realize these potentials, the development of 
heterostructure fabrication techniques is essential.  

Recently, the 2D heterostructure fabrication is dominated by the dry 
transfer method because of the non-destructive process [1]. This method 
incorporates a PDMS layer as a stamp and thin-film polycarbonate as a temporary 
substrate for targeted 2D materials which, subsequently, acts as a sacrificial layer 
when the samples are placed onto the real substrate [1]. Furthermore, the chemical 
compound used in this method is non-toxic and acid-free so that it is safe to be 
performed in any environment. In addition to this dry method, we develop a new 
technique of 2D heterostructure fabrication inside a high-vacuum environment (~ 
10-6 mbar) to realize a clean interface without trapping contamination between 
layers. This is the ultimate method for realizing high-quality heterostructure 
devices. In this chapter, we demonstrate the technical process of vacuum 2D 
heterostructure process followed by the evaluations of sample quality by AFM and 
optical spectroscopy. 

5.2 Vacuum Transfer Procedure 

We use mechanical exfoliation to isolate monolayer WS2 and few-layer BN 
onto SiO2/Si wafer (tSiO2 = 285 nm) from a bulk single crystal. The wafer is pre-
patterned with a marker system for setting up a coordinate so that the positions of 
targeted flakes can be easily relocated. Then, the 2D materials stacking can be 
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performed inside a high-vacuum condition using the dry transfer method [1]. Here, 
we developed a homemade set up of heterostructure fabrication platform that 
incorporated with a high-vacuum system. 

The schematic design of the vacuum stacking setup is shown in Figure 
5.1(a). The platform consists of a 6-way UHV interconnect that works at high-
vacuum down to ~10-6 mbar by connecting the chamber to the turbomolecular 
pump. The removable sample stage, the yellow part in Figure 5.1(a), is designed so 
that it can be introduced from the interlock and connected to the 60 cm long 
stainless-steel vertical rod. Using this vertical rod, the vertical position of the 
sample stage can be roughly positioned and temperature control and heater power 
supply is via the electrical feedthrough from the bottom of the rod. As shown in 
Figure 5.1(a), the vertical position of the stage can be adjusted depending on 
different purposes: position (1) is mainly located for the pre-annealing process 
and the high precision alignment of flakes is performed in position (2), where the 
optical microscopy can monitor the stacking process though the quartz window on 
the top of the xyz manipulator. The pre-annealing procedure is typically applied to 
remove the moisture and hydrocarbon residues on the targeting flakes, which is 
deposited by exposing the freshly cleaved surface to the atmosphere. The quartz 
window is attached to a bellow to provide the flexibility of xyz positioning. As one 
can see in Figure 5.1(b), the window position can freely move in a three-
dimensional direction by adjusting three directional micro drives; (1) for the 
vertical z-direction, (2) and (3) for in-plane xy direction. Furthermore, the 
microscopic lens is also equipped with xyz directional control so that one can 
easily follow the movement of the quartz windows. The PC-PDMS stamp attached 
under the window is shown in Figure 5.1(c). Similar to the previously well-known 
dry transfer method, the role of PC-PDMS is as a temporary and sacrificial 
substrate for transferring flake(s) from the initial substrate onto the targeted ones 
[1]. To work with the air-sensitive materials, a small transfer module (Figure 
5.1(a), part 3) equipped with a horizontal transfer rod is designed so that it can be 
separated and connected to the port of a glove box, from which air sensitive 
materials can be transferred. Between the module and the main vacuum chamber, 
we incorporate an interlock to pump all parts before the chambers can be linked 
together. Then, the sample stage can be detached from the horizontal rod and 
attached to the vertical rod of the main chamber for alignment. By reversing the 
procedure, the sample can be sent back to the glovebox for further processing. 
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Figure 5.1 (a) Schematic diagram of the high-vacuum transfer system. (b) Image 
of the fabrication platform. (c) Magnified details of the transfer window to locate 
and align the flakes with PDMS and PC stamp (transparent square-shape) attached 
underneath. 
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Figure 5.2 Schematic process of 2D transfer inside the vacuum system to place a 
few-layers (FL) WS2 flake onto a hexagonal boron nitride (BN) substrate. (a)-(d) 
Schematic step-by-step transfer process and optical microscopy image acquired 
during the process. (a) The WS2 flakes cleaved on a marked Si/SiO2 substrate (gold-
marker not visible) is located using optical microscopy. Before the picking-up 
process, the sample was pre-baked at 130-150 C to remove any moisture and 
contamination on the flake surface. (b) The PDMS-PC stamp is contacted to the 
flake and, subsequently, heated to 60-90 C. The pick-up process is done by 
naturally cool down the flake back to room temperature. (c) The picked-up sample 
is aligned and, then, slowly contacted to the targeted BN. (d) The final step is 
melting the PC film and leaving the stack on the wafer. By doing this, the PDMS is 
separated and PC and flake remain on the wafer. (e) The remaining PC on the 
wafer can be easily dissolved by chloroform. (f) AFM image of surface topography. 
The roughness of the sample in the yellow box is 135 pm. 

The detailed stacking procedure is depicted schematically in Figure 5.2. 
Firstly, wafers containing exfoliated flakes are fixed onto the sample stage by 
silver paste. The sample is pumped down to a high vacuum under which the pre-
annealing treatment is performed to remove the contaminations such as moisture 
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and hydrocarbon on the surface of the samples. The annealing temperature is in 
the range of 130-150 C, which was kept for 2-3 hours. The location of the flake 
can be found following the coordinate system on the wafer. We note that in this 
vacuum system, the sample position is fixed. The change of in-plane xy direction is 
determined by the movement of the quartz window and followed the microscopic 
lens. After the targeted flake is found, the pick-up process is performed by 
contacting the PC-PDMS stamp to the flake and, subsequently, introducing 
heating of the stage. The optimum temperature for flake retraction is 90-100 C for 
5 minutes. And, then, by cooling down to room temperature, the sample can be 
picked up by the PC-PDMS stamp due to the contraction of the stamp during 
cooling down. 

The sample, therefore, is attached under PC-PDMS as shown in Figure 
5.2(b). The picked-up flake can be aligned easily by moving the quartz window and 
microscopic lens. After aligned the sample to the target position, the PC-PDMS 
stamp, once again, is contacted to the substrate and heated, for now, up to 185-
195 C for melting the sacrificial PC film as shown in Figure 5.2(c). Finally, the 
PDMS stamp is retracted from the sample and separated from the melted PC layer 
as shown in Figure 5.2(d). Figure 5.2(e) shows the optical image of the stacked 
structure after removing the PC film by chloroform immersion for 1 hour. For 
stacking multiple layers, step 5.2(a) and (b) can be repeated multiple times before 
proceeding to the next step. 

Overall, all of the fabrication steps are very similar to the well-established 
dry transfer method for 2D heterostructures [1]. However, few parameters have to 
be adjusted due to high-vacuum pressure inside the chamber. Furthermore, the 
cooling rate inside the vacuum system became troublesome. Due to the lack of 
heat conductance from the sample to outside of the chamber, the initial cooling 
rate is as slow as ~0.4oC/min. It means, from 95 to 30 C, the estimated total 
cooling time is 2 hours 30 minutes, which is unnecessarily slow for multi-stacking 
fabrication. For that reason, we introduce the separated gas line in the vertical rod 
as a heat medium for the sample stage. The flow of room temperature gas can be 
injected into the rod in open circulation, which effectively takes heat from the 
transfer stage to the atmosphere. With this method, the cooling rate can be 
adjusted and doubled up to ~1 C/min. 
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The AFM image of the fabricated 2D heterostructures is shown in Figure 
5.2(f). One can see that the fabricated few-layers WS2-BN stack is bubble-free. 
However, few contaminations are still spotted outside of the overlapping area. We 
attribute these contaminations from the adhesive tape residue that can be hardly 
removed unless thermal treatment up to 350 C was applied. To remove these 
residues, a more extensive study needs to be performed for the optimized 
parameters in high-temperature annealing because unlike graphene, heating 
TMDs under high temperature can cause a deficiency in chalcogen stoichiometry. 
Moreover, the extracted average value of surface roughness is ~135 pm which is in 
the range of the surface roughness reported for hBN: 50 - 200 pm [2]. We note that 
our value is relatively high compared to the roughness of hBN. However, in 
comparison with the reported value of TMDs, specifically for WS2, our result shows 
significant improvement as the previously reported values are in the range of ~200 
- 800 pm [3].  

5.3 Low-temperature optical measurement 

The encapsulated WS2 sample was prepared by using the vacuum transfer 
technique described in the previous sections consisting of an exfoliated WS2 flake 
sandwiched between two thin hBN flakes (t~10-20 nm). Optical microscopy the 
fabricated sample is shown in figure 2(a). Photoluminescence (PL) measurement 
was performed by using green excitation laser λ = 532 nm. The laser was focused 
into a spot diameter of 3-5 μm onto the fabricated sample using a microscope 
objective of 100 magnification. The PL was collected with the same objective lens 
before filtering out reflected laser light using a notch filter and, subsequently, 
measured by spectrometer equipped with a cooled CCD camera (TCCD = - 65 C). 

The PL imaging was obtained from a preliminary sample check using 
fluorescence microscopy. The comparison between spatial resolved PL and AFM 
image is shown in Figure 5.2(b) and (d). As one can see, the PL profile in the 
sandwich sample is determined by the surface quality of the sample. For example, 
the PL intensity in the bubble area (green “" symbols) is lower than the other 
flatter areas. The bubble area is formed by trapping moisture or hydrocarbon on 
the interface WS2. Based on our preliminary checking, we are able to selectively 
choose the best spot to perform the next measurements. 
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Figure 5.3 (a) Microscopy image of an hBN-encapsulated monolayer WS2 flake. 
The yellow dashed line outlines the monolayer WS2 flake. (b) Spatial PL mapping 
of the sandwiched sample. (c) The overlaid image of (a) and (b). (d) AFM image of 
the sample. The Green "" symbols in (b) and (d) are showing the same area to see 
the relation between PL intensity and sample's morphology. White scale bars in 
(a), (b), and (c) all represent 5 μm. 

Figure 5.4 shows the low-temperature PL measurement of the monolayer 
WS2 sample up to T = 80 K using a 532 nm excitation laser. Here, we compare the 
PL spectrum between sandwiched area (a) and exposed area (b) from the same 
sample. Similar behavior is shown where the neutral exciton X0 decrease when the 
temperature is cooled down from 280 to 80K, while the neighboring lower energy 
exciton X-, known as the charged exciton or trion shows enhancement with the 
decrease of temperature. The most distinct difference is the presence of low 
energy exciton at T = 80 K in the exposed WS2, which has been reported previously 
as localized exciton [4–6]. The origin of the localized exciton is due to electron-
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hole recombination assisted by the trap states which are created by the presence of 
defects on the 2D crystals [4,5]. In contrast, the lower energy peak is unlikely 
appeared in the sandwiched sample, even at low temperature, indicating that the 
sandwich structure protects the 2D crystals for the external contaminations. 

 

Figure 5.4 The temperature dependence of the PL spectra in the sandwiched area 
(a) and exposed area (b) of the WS2 sample. In (b), the feature corresponds to the 
localized exciton (L) in the exposed sample area becomes more pronounced at the 
lower temperature.  

To study precisely the excitonic states in encapsulated WS2, we perform PL 
measurement at down to 5 K using liquid helium in a Janis microscope cryostat 
(ST-500) for optical studies. The PL spectrum excited by 90 μW is shown in Figure 
5.5(a). The neutral exciton peak X0 at 2.075 eV and two charged exciton species X1

- 
and X2

- at 2.036 eV and 2.042 eV can be clearly separated. The charged excitonic 
species, namely trion, are split due to Coulomb exchange interaction [7,8]. In 
addition, we observe two distinct emissions at a lower energy of 2.010 eV and 
1.973 eV which has been reported as spectra due to defect localized recombination 
(L) [6,9]. Furthermore, the peak at 2.020 eV (XX) exhibits the most prominent and 
sharp emission among the overall excitonic species. In addition, the high-intensity 
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peak shows non-linear behavior as the function of laser pump intensity as shown 
in Figure 5.5(b). We attribute this peak to biexciton emission which has been 
widely studied for its super-linear intensity dependence as a function of laser 
excitation intensity [4–6]. The linewidth of 4.9 meV extracted from Lorentzian 
fitting for biexciton emission is close to the sharpest reported biexciton peak of 4.4 
meV, which confirms the high-quality sample [9]. 

 

Figure 5.5 (a) PL spectrum of sandwiched monolayer WS2 at T = 5 K. The 
Lorentzian fitting (green lines) is performed to deconvolute the excitonic peaks 
from the pristine data (black dots). Inset: the neutral exciton peak. (b) Comparison 
between 90 μW (red) and 3.2 μW (blue) laser-pumped PL normalized by the X1

- 
peak.  

To confirm the presence of biexciton in our sample, we perform a series of 
PL measurements as a function of laser excitation power. The spectrum 
comparison between different excitation power is shown in Figure 5.6(a). The clear 
super-linear behavior is exhibited by excitation intensity dependence of the XX 
peak indicating the formation of biexciton. For clarity, the spectral peaks are 
normalized by X1

-. The influence of laser excitation power to the integrated 
intensity of XX and X1

- is shown in Figure 5.6(b). The red and blue dots represent 
XX and X1

- peaks respectively and fit well with I ~ Pm, where I is integrated 
intensity, and P the laser excitation power, and m is a power factor which 
determines the super-linearity of the curves. As shown in Figure 5.6(b), m = 1.1 
and 1.69 are obtained for X1

- (blue line) and XX (red line) respectively, which 
strongly indicates their charged exciton (trion) and biexciton origins, respectively 
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[4–6]. Furthermore, as shown in Figure 5.6(c), the intensity relationship between 
the neutral exciton and other exciton species, the super-linear increase of 
biexciton (red line) in respect to neutral exciton confirms its existence and fits 
well with IXX ~ (IX) m, with m = 1.47. For bi- and neutral exciton at thermal 
equilibrium, a power factor m =2 is expected. However, values for m smaller than 2 
have also been observed in TMDs due to the lack of full equilibrium states [4–6]. 

 

Figure 5.6 (a) Power dependence of the PL spectra at T = 5 K. (b) Super-linear 
behavior of Intensity of biexciton (XX) and trion (X1

-) respect to excitation 
intensity. (c) The relation between the neutral exciton and two other exciton 
species (XX and X1). (d) Schematic process formation of biexciton. The arrows 
show the energy transition between energy level and the colors do not represent 
wavelength. 
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Figure 5.7 (a) Temperature-dependent PL spectra with excitation power fixed to 
90 μW. (b) Peak shift of three different excitonic components extracted from (a). 
The solid black line represents curve fitting using equation (5.1). 

The binding energy of biexciton can be determined as the energy 
difference between two excitons and the biexciton energy state, EbXX = 2EX-EXX, 
where EX = ħωX is the energy of the 1s exciton state determined by the neutral 
exciton emission in the PL [4,10]. By assuming that the radiative decay of 
biexciton only produces an exciton, the biexciton energy can be approximated as 
EXX = ħωX + ħωXX, where ħωXX can be determined by the biexciton PL spectra [4,10]. 
Therefore, the biexciton binding energy can be estimated as EbXX = 2ħωX – (ħωX + 
ħωXX) = ħωX – ħωXX, from which we obtain that EbXX ~ 65 meV. This value is 
consistent with previous reports on mechanically exfoliated WS2  monolayers 
[4,11]. Figure 5.6(d) depicts a schematic diagram of biexciton formation. 

We summarize the evolution of PL spectra of encapsulated WS2 at 
different temperatures in Figure 5.7(a). The excitation laser intensity in this 
dataset is fixed to 90 μW. The peak positions of either neutral exciton and charged 
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exciton are shifted into the higher energy level as the temperature decreases. 
Furthermore, the biexciton feature at higher temperature is hardly noticeable. The 
clear biexciton feature starts to appear below T = 80 K, possibly, due to thermal 
fluctuation at the higher temperature. The temperature dependence of peak 
positions of the neutral exciton (X0), trion (X1

-), and biexciton (XX) are shown in 
figure 7(b). The blue shift with the decrease of temperature can be well described 
by a standard model for the band gap of a semiconductor [12]: 

𝐸𝐸(𝑇𝑇) = 𝐸𝐸𝑔𝑔(0) − 𝑆𝑆〈ħ𝜔𝜔〉 (coth ( 〈ħ𝜔𝜔〉
2𝑘𝑘𝐵𝐵𝑇𝑇) − 1),  (5.1) 

where 𝐸𝐸𝑔𝑔(0) is the bandgap at zero temperature, S the dimensionless coupling 
strength, and 〈ħ𝜔𝜔〉 the average phonon energy. The fitting  (solid black line) yields 
Eg(X0, X1

-, XX) = 2.072, 2.033, and 2.023 eV, S(X0, X1
-, XX) = 1.65, 1.69, and 0.98, 

and 〈ħ𝜔𝜔〉(X0, X1
-, XX) = 12.8, 11.7, and 1.6 meV. 

Equation (5.1) is related to the standard Gibbs energy [12]. Furthermore, 
the energy gap can be identified as Eg = ∆Ecv where ∆Ecv is standard Gibbs energy 
[13]. Therefore, the entropy of the semiconductor can be estimated as [12]: 

∆𝑆𝑆𝑐𝑐𝑐𝑐(𝑇𝑇) = − 𝑑𝑑
𝑑𝑑𝑇𝑇 ∆𝐸𝐸𝑐𝑐𝑐𝑐(𝑇𝑇) = 𝑆𝑆〈ħ𝜔𝜔〉2

2𝑘𝑘𝐵𝐵
(csch (〈ħ𝜔𝜔〉/2𝑘𝑘𝐵𝐵𝑇𝑇)

𝑇𝑇 )
2
  (5.2) 

The maximum entropy of the system can be approximated in the limit kBT >> 〈ħ𝜔𝜔〉. 
At high temperature, the entropy is approaching the limiting value ∆Scv(T)  -
2SkB. We implement the equation (5.2) for calculating entropy formation of the 
neutral exciton, trion, and biexciton as shown in Figure 5.8. As one can see, the 
entropy of neutral exciton and trion are saturated at ∆Scv(T) ~ 0.277 and 0.287 
meV/K. Moreover, the biexciton entropy saturated earlier at ∆Scv(T) ~ 0.174 meV/K 
and shows non-zero entropy at low temperature. We note this interesting point 
that this non-zero entropy of biexciton is possibly due to non-thermal equilibrium 
between neutral exciton and biexciton as we have observed in excitation power 
dependence of the PL intensity. We attribute the lack of thermal equilibrium is due 
to the intrinsic carrier of WS2 monolayer crystal. The intrinsic carrier increases the 
Fermi energy of the system due to the free natural n-type carrier that typically 
observed in the WS2 monolayer [4,6]. This excess of the carrier can combine with 
exciton to form charged exciton (trion). Therefore, because of this intrinsic 
doping, the thermal equilibrium for biexciton can hardly be achieved as the 
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intrinsically doped carriers in monolayer keep forming charge excitons together 
with the formation of neutral excitons.  

 

Figure 5.8 Calculated from equation (5.2), the entropy of exciton formation a 
function of temperature. Dashed vertical lines represent an asymptotic estimation 
of the maximum entropy at high temperature.  

Furthermore, we compare the maximum exciton formation entropy of 
neutral exciton from our measurement with previously reported in the 2D TMDs 
system as shown in Figure 5.8. For the encapsulated MoS2 system, the predicted 
maximum exciton formation entropy is ∆Scv(T) ~3.74kB = 0.322 meV/K, which is 
calculated from the extracted parameter in Ref. [14]. In bare monolayer WS2 on 
SiO2 wafer, the predicted value is much higher: ∆Scv(T) ~4.8kB = 0.414 meV/K as 
reported in Ref. [10]. To compare with a similar encapsulated WS2 system, we 
extract the fitting parameter from data available in Ref. [9],  which yields ∆Scv(T) 
~3.6kB = 0.312 meV/K. Compared with all available references, our system shows 
the lowest entropy of exciton formation indicating better thermal equilibrium, 
possibly, due to the better quality achieved by vacuum transfer because the 
fabrication process inside the vacuum allows us to obtain direct layer-to-layer 
contact due to the absence of atmospheric air, which eliminates the external 
impurities that would be trapped between 2D heterostructure layers. This 
observation gives us confidence that this vacuum heterostructure method would 
give a significant impact on 2D heterojunction fabrication technology.   
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5.4 Electrostatic Tunable Excitonic States in Encapsulated WS2 

In the last section, we investigate the electrical tunable excitonic state in 
the hBN-encapsulated WS2 system. To increase the gating efficiency, we have 
chosen the electrical double layer transistor methods (EDLTs) using ionic liquid 
(DEME-TFSI) as gate medium. Schematics of the fabricated device is shown in 
Figure 5.9(a). The electrode is deposited to provide contact with exposed WS2 
flake. We note that to be able to perform the EDLTs method efficiently, the 
measurement temperature is set above the glass transition of the ionic liquid T > 
180 K. The optimal temperature for EDLTs is commonly known as T = 220 K [15]. 

 

Figure 5.9 (a) Schematic diagram of hBN-encapsulated monolayer WS2 in EDLTs 
configuration. (b) PL spectrum at VLG = 0 and T = 220 K. Black dots represent 
experimental data, the solid red line shows Lorentzian fitting, and green lines 
show excitonic features from deconvolution. (c) Power dependence integrated 
intensity from two excitonic peaks from (a). The solid lines are fitted curves using 
the following relation I ~ Pm, where I is peak intensity and P is laser excitation 
power. The black dashed line shows a linear relation for comparison.  

Before we start the gate-dependent measurement, we perform PL 
measurement at VLG = 0 V and T = 220 K to investigate intrinsic PL spectra features 
as shown in Figure 5.9(b). Two distinct excitonic peaks appeared with higher 



Development of A Vacuum 2D Heterostructure Fabrication Platform

113

C
h

ap
te

r 
5

intensity at lower energy peak. We attribute the higher energy peak to neutral 
exciton and the lower energy to charged exciton (trion). Figure 5.9(c) shows the 
superlinear relation between the integrated intensity of lower energy peak and 
excitation power (red line) with m = 1.17 which confirms the presence of trion. On 
the other hand, the linear relation at higher energy peak (black line) identifies the 
presence of neutral excitons. The presence of trion in our system shows the 
intrinsic doping in WS2 that is also consistent with the previous reports for  WS2 
systems [10,16,17]. 

 

Figure 5.10 (a) and (b) spectral evolution as a function of the liquid gate in range 
of  VLG = ± 9 V. Black arrows show the gate sweep direction. 

The photoluminescence (PL) spectra of the encapsulated WS2 monolayer 
are shown in Figure 5.10 (a) and (b) as a function of liquid gate voltage at T = 220 
K. One can clearly see the spectral evolution as a function of the liquid gate. 
Furthermore, the PL spectrum evolution in respect to the change of the gate 
voltage clearly depends on the direction of applying the bias sweep. This is due to 
large hysteresis observed in EDLTs system in electrical transport measurement 
especially at low temperature where the movement of ions becomes very slow 
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[15,18]. The PL was excited by a 532-nm laser at 90 μW and the diameter of the 
laser spot is about 2-3 m. In the emission data, exciton and trion peaks are clearly 
observed and have the intensity and positional responses with the liquid-gate 
tuning. As the gate voltage increases, the intensity of trion becomes more 
dominant as neutral exciton peaks decreased and eventually disappeared at VLG = 9 
V. On the other hand, the exciton peaks increased as the liquid go to a negative 
voltage while the trion peaks remained noticeable with a significantly lower 
magnitude. 

 

Figure 5.11 (a) Energy shift of exciton peak at different VLG. It is clear to see that 
neutral exciton energy remains constant while the trion energy has tunability in 
25 meV range (light blue area). (b) The neutral exciton/trion ratio at different VLG. 
The neutral has a significant increase when the gate is swept to the negative side. 

We summarize the exciton energy shift in the function of the liquid gate in 
Figure 5.11(a). Here, the hysteresis due to the ionic liquid gate effect is clearly 
observable. From our data, the trion energy has a significant response to an 
external electrostatic field. In contrast, the appreciable change of neutral energy is 
hardly observed and only shows the intensity change. We attribute the tunable 
trion energy due to the large electrostatically induced carrier density by the ionic 
liquid gate. By applying a positive gate voltage, the n-type carriers are induced and 
lowering down the donor level energy in the conduction band. The tunability 
range of trion energy by the liquid gate is ∆Etrion ~ 25 meV. We note that the 
tunable range is achieved in the range of VLG = ±9 V taking into account the 
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hysteresis effect of EDLTs. This value is much lower than reported tunability range 
in silicon oxide, which is consistent with the high efficiency of the ionic gating 
[19]. Due to the sandwiched structure, the gating effect is reduced in our sample 
due to the enlarged thickness by inserting an hBN layer. Nevertheless, the reduced 
effect of EDLTs but still shows sufficient efficiency for a very clear bias 
dependence. Furthermore, the gating effect is reversible showing no chemical 
reaction effect due to hBN protection even we apply a very high gate voltage of 9 V 
for the ionic liquid gate. In addition, the enhancement of neutral exciton is 
significantly achieved with this gating method. The EDLTs gating effect on neutral 
exciton-trion ratio IX0/IX-, as shown in Figure 5.11(b), is significantly enhanced 
from IX0/IX- = 0 to 3 as a function of applied VLG. 
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